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ABSTRACT 
 
The process of sheet metal forming is commonly used to create 3-D surfaces in, e.g., aircrafts 
and automobiles. Stamping is one of most common sheet metal forming processes but 
traditional forming processes which have been developed for mass production are inflexible 
and expensive, and economically unsuitable for small-scale production. More appropriate for 
small-batch and prototype production are flexible forming methods such as multi-point 
forming (MPF) which have been developed in recent years. A pair of opposed reconfigurable 
tools containing pin matrices could replace traditional solid stamping tools. Based on this 
technique, the construction of sheet metal forming tools becomes flexible and fast.  
Springback, caused by elastic recovery and release of residual stress, is an unavoidable issue 
in all sheet metal forming and significantly affects the geometrical precision of the products. 
Springback is a defect, and if it is beyond permissible tolerance it will adversely affect the 
assembly process such as distortion of sub-assemblies and poor fit-up during welding. 
Estimation of springback remains an important and challenging issue for the sheet metal 
industry. 
Based on the ABAQUS software, 3-D finite element models were generated, with the 
required constraints and boundary conditions described and applied in the simulation. The 
process of multi-point forming and springback were simulated by combining explicit and 
implicit algorithms. The influence of some significant working parameters, such as radius of 
forming curvature, blank holder force and elastic cushion thickness on final product quality 
(springback, thickness variation and wrinkling) has been investigated. The results show that 
springback was reduced for small radii of forming curvature and increased blank holder 
force, with the springback decreasing gradually. The elastic cushion thickness had no 
significant effect on springback but it did affect dimpling.   
ii 
 
 The Design of Experiments procedure was applied to produce an experimental strategy 
based on all the related working parameters, followed by an analysis of variance approach 
which was then used to define the most critical parameters. The use of statistical and 
optimisation methods led to improved final product quality and the derivation of an empirical 
model to predict the final part quality. 
A new measurement technique for measuring the forming force on individual pins was 
developed. Fibre Brag Grating (FBG) sensors, as “smart” sensors were used to monitor the 
change in elastic strain of selected pins due to applied force, throughout the forming process.  
An elastic block was used as a punch rather than a MPF punch to reduce adjustment time and 
tool cost. A comparison between the final products produced by this approach and the full 
MPF process showed a 50% reduction in tool cost or more and adjustment time by replacing 
upper matrix of pins with an elastic punch, also a reduction in part defects such as springback 
and wrinkling. 
A series of experiments were carried out to compare the simulations with experimental 
results, it was observed the results were well matched in measurements of final parts defects. 
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CHAPTER 1: 
INTRODUCTION 
 
1.1   Background  
Sheet metal forming is a manufacturing process used widely across the industrial production 
sector, including domestic appliance (e.g. cooker, sinks, and freezers), the food sector (e.g. 
cans, pots), the aeroplane industry (e.g. wings, fuselage) and the automobile industry (e.g. 
hoods, doors, body panels) [1]. In this process, the final shape of a part is achieved through 
plastic deformation of a flat metal sheet into the required die. In most cases, a certain amount 
of the elastic deformation is recovered, as happens with, especially, bending, bending-
unbending, and reverse bending. This leads to a difference between the desired shape of the 
part and the unloaded formed part, due to the phenomenon known as springback. 
Springback is considered the most common of sheet metal forming defects: a change in the 
geometry of a final formed part at the completion of the forming process when the product is 
released from the forming forces. As a result, two factors must be considered in order to 
achieve the desired final geometry: the springback must be predicted and the part design must 
allow for this, and appropriate tools and techniques must be used which minimise springback. 
The quality of the springback prediction depends on accurately modelling the material 
behaviour of the sheet through the forming process, of correctly specifying the process 
boundary conditions used for the modelling and, for the FE analysis, determining an 
appropriate mesh size and element type, and so on.   
An additional problem associated with springback occurs when using convention stamping 
tools or solid tools for producing a designed shape with a specific material. If the material of 
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the metal sheet is changed, the same tool will produce a noticeably different shaped final 
product. This means that there would need to be a change in the dimensions of the solid tool 
(or even a new tool) to compensate for the change in springback effect. This means additional 
costs, especially in the case of prototype and small batch production. Flexible metal forming 
processes such as the multi-point forming (MPF) processes and rubber-metal forming is an 
ideal choice to overcome these problems at least for certain common shapes such as spherical 
and saddle-shaped parts. In addition to the springback, wrinkling is another defect in sheet 
metal forming process, especially if the forming process is applied without using a blank 
holder force to clamp the sheet. This defect will be considered when comparing the quality of 
the final formed sheet under different working conditions. 
1.2   Aims and objectives  
1.2.1  Overall aim  
The aim of this research was to improve MP sheet forming as a flexible process by (a) 
improving existing sheet material characterisation techniques, (b) understanding the influence 
of process parameters in MP sheet forming, (c) minimising MPF process defects in the final 
formed part by using unique forming techniques, (d) measuring the forming forces on 
individual pins of MPF tools by using FBG sensors to monitor the elastic strain of the pins.  
 1.2.2  Objectives  
 Revise the literature on springback in sheet forming in general, and on MPF in 
particular, to understand the phenomenon. 
 Develop numerical models of spherical shapes with different radii of curvature to 
predict springback and study the effect of process parameters on springback.  
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 Use the test rig designed by Abosaf [2] to conduct experiments on forming 
spherical shapes in order to measure the magnitude of the springback under 
various process parameters and validate the numerical models. 
 Optimise the most important of the process parameters to minimise springback 
and thickness variation in the final formed part. 
 Measure the forming forces on the individual pins of MPF tools by using Fibre 
Bragg Grating (FBG) sensors and relate these forces to springback of the final 
formed part. 
 Apply a forming approach (elastic-punch multi-point forming – EP-MPF) to 
improve the formed part quality in terms of wrinkling and springback. 
1.3   Research hypothesis and methodology 
The hypothesis of this research is that flexible forming tools such as rubber tools can be 
combined with MPF to improve the quality of the shape of the formed part.  
This research used the ABAQUS finite element modelling (FEM) software as a simulation 
tool with statistical analysis, to investigate the effect of simulation and process parameters on 
the quality of the formed part. Subsequently, flexible MPF tools were used to validate the 
simulation findings.   
1.4   Structure of the thesis 
This thesis contents eight chapters structured as follows: 
Chapter 1 presents a brief explanation of the research field and outlines the scope and aim of 
the research with research hypothesis and methodology. Chapter 2 provides a comprehensive 
overview of sheet metal forming by traditional and flexible methods, offering an 
understanding of the springback phenomenon in metal forming processes analytically, 
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numerically and experimentally. Finally, a description is given of how to use optimisation 
techniques in the field of metal forming. The mechanical properties of materials used are 
presented in chapter 3 which explains how they were obtained experimentally. The forming 
tools and measurement apparatus required in this research are described in detail. Chapter 4 
gives details of the process models for MPF, providing an overview of modelling processes 
using ABAQUS software, development of FEM for MPF is presented and following that, 
model validation by experiment. Finally, the effect of process parameters on springback is 
discussed. Chapter 5 contains results and discussion of the optimisation of the main process 
parameters; radius of curvature of the form, value of blank holder force, elastic cushion 
thickness and their effect on quality of doubly curved parts in MPF. The influence of these 
parameters on springback and thickness variation across the formed panel are investigated, 
also the subsequent effect of those variations on springback is explored. Chapter 6 explains 
the procedure of modelling the forming force on individual pins, and then validation of the 
simulated results experimentally, followed by establishing a relationship between these forces 
and springback in the final formed part. Chapter 7 introduces a forming technique to form 
doubly curved panels. The comparison between products produced by conventional MPF 
tools and the proposal technique are presented in term of wrinkling and springback. The 
contribution of this work to, and its expected benefits for, sheet metal forming are 
summarised in Chapter 8.  
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CHAPTER 2:  
LITERATURE REVIEW 
 
2.1   An overview of metal forming technology 
Materials are converted into final products via different manufacturing processes of which 
metal forming is a very important one, due to its advantages which include the flexibility of 
the process, material saving and possible enhancement of the material’s properties.  
Metal forming is divided into two basic groups, bulk deformation and sheet metal 
deformation, determined by the size and shape of metal workpiece. These are sub-divided 
depending on the forming process used to shape (form) the metal, as shown in Figure 2.1. It 
is also possible to divide the processes according to the temperature of the material during the 
forming process. Based on temperature, there are three categories: cold, warm and hot 
forming as shown in Figure 2.2, where  𝑇𝐴 is the ambient temperature and 𝑇𝑚 is the melting 
temperature of the work metal. In term of operation, processes can be classified as a primary 
process where raw material at high temperatures is cast into convenient shapes such slabs, 
plates and billets, and a secondary process where the output of the primary process is used to 
produce, e.g. sheets and wire.  
 
Figure 2-1 Categories of metal forming processes [3] 
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Figure 2-2 Temperature ranges for different metal forming operations 
 
A metal sheet (metal blank) is formed into a required shape in a method called metal forming. 
Usually, in metal forming processes, the forming tools consist of rigid parts, which typically 
include a die that contains the design shape, a punch to drive the metal sheet into the die and 
a blank holder to fix the sheet throughout the forming process, as shown in Figure 2.3. 
 
Figure 2-3 Schematic of the drawing process 
 
However, in some methods used to form metal sheet, there is no requirement to hold the sheet 
and this is known as air bending, see the V-bending shown in Figure 2.4. 
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Figure 2-4 V Bending 
 
The most widely used conventional technique to obtain a three-dimensional formed shape is 
stamping. For mass production, tools are designed specifically for each target shape, but these 
tools are both very large and very expensive, so this technique is unsuitable for producing 
low numbers of products [4]. As a result, a new forming technology was developed [5], using 
changeable discrete dies to produce three-dimensional surfaces. 
The type of tool used to deform the metal sheet is considered to be the main difference 
between the conventional and unconventional forming processes. Usually, in conventional 
forming, a rigid punch drives the sheet into the die using tensile and compressive forces. In 
the so-called unconventional forming processes, a flexible tool using discrete pins, fluids or 
an elastic block is used to force the sheet into the die [6].   
2.2   Flexible tooling in metal sheet forming 
Flexible tool techniques for metal sheet forming, such as multi-point forming (MPF) and 
rubber-pad forming are used in manufacturing field to decrease the time and cost of 
8 
 
 
production. The MPF process is a technique developed initially for metal sheet forming using 
a geometrically reconfigurable die as shown in Figure 2.5. The MPF tool is fabricated of two 
matrices of pins whose lengths can be varied independently to allow an approximation of a 
three-dimensional surface to be constructed. The application of flexible tools in metal 
forming procedures has become common-place in many industrial applications, including, 
aerospace, architecture and automobiles.   
 
Figure 2-5 Schematic diagram of a flexible forming tool 
 
Adopting this technology provides several advantages, such as different forms can be 
produced using the same or similar tools as shown in Figure 2.6 [7]; springback can be 
compensated for after starting production by re-adjusting pin height. Such a flexible approach 
supports low batch and prototype production. On the other hand, the limitation in the ability 
of these tools to produce complex shapes or sharp sides is considered as a disadvantage. 
Wrinkling [8], thinning [9], cracking and necking [10] are defects associated with traditional 
metal forming processes as well as MPF, which also exhibits dimpling as a consequence of 
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discontinuous contact between pins and the metal sheet [11]. In addition, there is always the 
deviation between target shape and formed part due to springback [12]. 
 
Figure 2-6 Different parts formed by MPF [7] 
 
As explained in Chapter 1, springback is a common defect in sheet metal processes and needs 
to be minimised or compensated for, depending on part usage [13]. Using an elastic cushion, 
a layer of material with an appropriate hardness and thickness between the pins and the metal 
sheet, is an effective technique to eliminate the dimples in MPF processes by distributing the 
concentrated stresses over the entire sheet [14].  Similarly, as in conventional stamping, 
forming sheet metal using a blank holder (as shown in Figure 2.7) can suppress wrinkling and 
control the springback. Sun et al., [15] reported that using a flexible blank holder enhanced 
the forming limit and removed wrinkling in thin metal sheets.  
Cycle production time is reduced using this technique because a range of three-dimensional 
surface shapes can be constructed without replacing the entire tool; instead, the positions of 
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the pins are changed according to the new shape geometry. Furthermore, additional costs are 
avoided because the construction of very costly rigid dies is eliminated [16].  
 
Figure 2-7 Schematic diagram of MPF process using blank holder [17] 
 
When the punch is removed at the end of forming stage, the elastic element of strain is 
recovered, particularly where bending, bending-unbending, and reverse bending are 
concerned. The associated springback due to this strain causes errors in the dimensions of the 
final object compared to the desired object. However, pin height modification can be used to 
compensate for springback [18]. The shape of the formed part at the end of the forming step 
is compared to the target shape, then the pins are reconfigured, in an iterative process, 
according to the difference between the two shapes, systematically reducing the difference 
[19-21].   
The procedure, in general, is expressed as [20]: 
𝑷(𝒌+𝟏) = 𝑷(𝒌) + 𝜵−𝟏 𝑭(𝒌) ∆𝑺(𝒌)                              (2.1)  
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Where k presents the total number of correction iterations, see Figure 2.8;  𝑃(𝑘) is the form of 
the working surface and ∆𝑆(𝑘) is the shape error of the formed part after k correction 
iterations; 𝑃(𝑘+1)  is the working surface for the following iteration as seen in Figure 2.8(b) 
and ∇−1 𝐹(𝑘) is an improvement matrix. For a digitized tool contained m×n pins on each 
part, the entire profile error of a formed part is estimated by [20]: 
𝑬𝒔
(𝒌)
 = 
𝟏
𝒎𝒏
 ∑ |∆𝑺𝒊
(𝒌)
|𝒎×𝒏  𝒊=𝟏                                         (2.2) 
Springback can be explained by reference to the stress-strain curve as presented in Figure 2.9.  
By releasing all applied forces and moments the point B would follow the line BC, and AC 
would represent the permanent (plastic) deformation. CD is the recovered (elastic) 
deformation, the springback. It can be seen that the elastic recovery is bigger for materials 
with greater strength. Elastic recovery is the most important parameter obstructing the 
attainment of the required dimensional accuracy of formed shapes [22]. 
 
Figure 2-8 Springback modification of the working surface of a digitised tool [20] 
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Figure 2-9 Elastic recoveries during unloading [22] 
 
2.3   Plasticity in metal sheet forming 
Throughout the deformation stage of metal sheet, if the strain value is low (elastic region) 
most metals exhibit an approximately linear elastic behaviour and the slope of the line (AO)  
known as the modulus of elasticity or Young’s modulus is constant [10]. If the applied load 
reaches some critical value, called the yield stress, which is a property of the material, the 
relationship between stress and strain becomes nonlinear, and the material exhibits inelastic 
behaviour, which is referred to plasticity (plastic deformation region). 
Elastic deformations are reversible; the energy consumed in the deformation is stored as 
elastic strain energy and is fully recovered upon load removal. Permanent deformations are 
irreversible and the original form can be achieved only by applying more energy. Finite 
element analysis (FEA) can be used to simulate and predict metal sheet forming processes 
and determine defects in a formed part due to such factors as springback. The accuracy of 
simulation results depends on the accuracy to which the process factors (friction, tool 
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geometry, forming speed, etc.) and simulation input parameters (element size, material 
constitutive model, contact control, etc.) are known. Among these factors, the material’s 
constitutive equations play an important role in describing the stress distribution in the 
formed part. A number of constitutive models are available to define early yielding and its 
development throughout the plastic deformation stages, for instance, isotropic hardening and 
kinematic hardening models [23]. 
2.3.1  Isotropic hardening 
When a material is subject to plastic deformation it can, beyond a certain level of deformation 
undergo work hardening (also known as strain hardening). This apparent increase in strength 
is the additional stress necessary to produce further plastic deformation and is often a 
function of aggregated plastic strain. Figure 2.10 shows a uniaxial stress-strain curve with 
nonlinear hardening together with chart illustrations of primary and following yield surfaces. 
In case of uniform expansion in stress space, the hardening is referred to as isotropic.  In 
Figure 2.10, as the load changes in vertical direction, hence the load starts from zero till it 
comes across the yield surface at 𝜎2 = 𝜎𝑦, where yield take place at this point. For hardening 
to occurs, as the load (𝜎2) increases the yield surface also expand as shown in Figure 2.10.  
The degree of expansion is often taken to be a function of total plastic strain. So for the 
isotropic hardening, the yield function equation is expressed as [23]:                                 
              f (σ) = σ  –  σ𝑦 = 0                                               (2.3) 
where  σ  represents the effective Von Mises stress and  σ𝑦 is the yield stress 
The yield surface increases uniformly as indicates in Figure 2.9.  The yield stress with the 
opposite loading is equivalent to that in forward loading. Therefore, isotropic hardening is not 
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often sufficiently accurate to define the Bauschinger effect and kinematic laws need to be 
introduced.  
 
Figure 2-10 The yield surface expands under the isotropic hardening assumption [24] 
 
2.3.2  Kinematic hardening 
Figure 2.10 illustrates isotropic hardening and shows how this leads to a large elastic area 
throughout reverse loading but this is often not what would observed  in experiments data. A 
much smaller elastic area is estimated and this is a consequence of what is named the 
Bauschinger effect, and kinematic hardening.  The yield surface translates in stress space as 
kinematic hardening rather than growth due to this effect as shown in Figure 2.10. 
In Figure 2.11, the load increase till yield stress  𝜎𝑦.  By increasing the load to point (1), the 
plastic behavior describes the material deform flow, and then the load is reversed therefore 
the material deforms elastically and the load reaches point (2). As a consequence to this 
action, the initial yield surface expanded. 
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Figure 2-11 Reverse loading with isotropic hardening [24] 
 
The early yield surface is shown in Figure 2.12. When loaded and subject to plastic 
deformation, the surface transforms to a different position as shown, such that the original 
middle point has been transformed by |x|. Thus, the stresses relative to the new centre of the 
yield surface should be checked for yield. Usually, the formula for yield surface with 
kinematic hardening is written as [22]: 
f (σ – x) –  σ𝑦 = 0                                                     2.4 
 where x is the back stress tensor and determines the position of the centre of the yield 
surface. 
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Figure 2-12 Shows (a) the transformation of yield surface under kinematic hardening, and (b)  
stress-strain curve with shifted yield stress in compression [24] 
 
2.4   Springback phenomenon in metal sheet forming 
Springback is known as an elastically driven variation of a final part, which happens with the 
removal of external forces. It is a complicated physical phenomenon, which is principally 
determined by the stresses within the part during the final step of the forming process. There 
are several categories of springback according to the final product shape and type of 
deformation: bending, twisting, membrane and combined bending and membrane [25].  
Springback in the case of pure bending can be detected after bending a part in plane strain. 
Twisting springback can be observed while forming parts with large variances in sectional 
measurements [27]. In the unloading stage of a material, in-plane tension or compression can 
be detected as membrane springback. Combined bending and membrane elastic recovery is 
often found in manufacturing. The shape of the final product is typically very complex 
because the raw material is formed out-of-plane and at the same time stretched or compressed 
in-plane [28]. 
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To accurately model springback in metal forming, requires a good understanding of the 
phenomenon. Simple experiments and complex tests have been carried out to explore the 
sensitivity of elastic recovery to numerous factors and to gain a good understanding of 
material behaviour in the forming process. Several approaches exist to predict springback. In 
the case of simple shape forming, the analytical solutions are considering an effective way to 
describe this phenomenon, while for more complex products FEA is used to predict elastic 
recovery and the final shape. When adopting the FE approach, it is essential to remember that 
the accuracy of the results obtained is controlled by the many parameters that are responsible 
for the accuracy of the simulation of the forming stage [28].  
2.4.1 Analytical methods to predict springback in metal forming 
Analytical solutions for springback in the metal forming process are derived from the 
modelling of a simple two-dimension problem, for example, plane strain bending, stretch 
bending, drawing and plane strain cyclic bending. As shown in Figure 2.13, the radius of 
curvature is ρ, θ is the angle of bend, M is the moment per unit width and T is the tension 
applied at the middle surface of the sheet (force per unit width) [9]. 
Consider the bending process of a sheet along a straight line in Figure 2.14 a. A plane strain 
form is assumed to exist in the plane vertical to the bending line and the cross-section 
remains plane and normal to the mid-surface after unloading [28]. The two-dimensional case 
is shown in Figure 2.14.  
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Figure 2-13 Sheet bending along a line [29] 
 
Figure 2-14 Plane strain bending: (a) parameter explanation; (b) Equilibrium diagram of 
stress distribution [29] 
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The initial length of the segment is l0 (AB0) located at a distance z beyond the mid-surface 
(CD0). After bending through an angle θ the radius of curvature will be ρ and the length of 
the segment will be l (AB). The radius of curvature of the bend is ρ = R + 0.5 t, where t is 
sheet thickness and R is the internal radius. The slice length l can be written in terms of the 
length of the fibre at the mid-surface lm = (ρθ), the radius of bend curve and the distance z: 
                                              l = (ρ + ᴢ) θ = lm (1 +  𝑧
𝜌
 )                     2.5 
The circumferential true strain is known [28] 
                                                  𝜀𝜃  =ln (
𝑙
𝑙0
⁄ )= ln [ 
𝑙𝑚
𝑙0
  (1 +  
𝑧
𝜌
 )]                                   2.6   
This can be divided into components, the true strain in the mid-plane: 
                                                               𝜀𝑎 = ln ( 
𝑙𝑚
𝑙0
 )                                                            2.7 
Plus bending true strain: 
                                                                𝜀𝑏 = ln (1 +  
𝑧
𝜌
 )                                                       2.8 
If the inner radius of curvature R is large, we could ignore the difference between the 
engineering strain value and the true strain value, and the engineering strain is simpler to deal 
with.  
The membrane and bending engineering strain can be expressed as: 
                                                                         𝑒𝑚 = 
∆𝑙𝑚
𝑙0
⁄                                                     2.9 
                                                                          𝑒𝑏 = 
𝑧
𝜌
                                                           2.10 
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The membrane strain has a value of: 
                                                                         𝜀𝑚 = 
𝑎
𝜌
                                                         2.11 
where the location of a neutral line is a, as shown in Figure 2.13b. The whole engineering 
circumferential strain can be written as: 
 𝑒𝜃 = 
𝑧 + 𝑎
𝜌
                                                    2.12 
Assuming isotropic material behaviour, for the plane strain condition, in a state of the Von 
Mises yield situation, the main stress can be obtained from [29]: 
 𝜎1 = 
2
√3
 𝜎𝑓 = 𝑆0                                          2.13 
where 𝜌𝑓 is the uni-axial flow stress and 𝑆0 is the plane strain flow stress. 
Normally, metal shows elastic-plastic behaviour with strain-hardening performance. In the 
elastic region, the circumferential stress is obtained from Hook’s law for plane strain: 
𝜎𝜃 = 
𝐸
1−𝑣2
 𝜀𝜃  = 𝐸
′ 𝜀𝜃                                 2.14 
where E is Young’s modulus and v is Poisson’s ratio. A power law estimates the plastic-
hardening behaviour [28]: 
                                                                 𝜎𝜃 = 𝐶̅ ( 𝜀0 +   𝜀𝜃
𝑝
   )
 n                                                              
2.15 
Where 𝐶̅ and n are hardening factors.  𝜀0 being a pre-strain it can be estimated from the 
earlier condition:  
𝜎𝑓(0) = C 𝜀𝜃
𝑛                                                    2.16 
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where 𝜌𝑓(0) is the primary uni-axial yield stress and C is the coefficient of strength of the 
material in the uni-axial case. The relationship between the plane strain and uniaxial 
magnitude of this constraint can then be estimated by [28]: 
    𝐶′ ≈ C ( 
2
√3
 ) 
n+1
                                               2.17 
2.4.1.1 Loading stage 
The stresses that act on the part being formed during the deformation process are represented 
by the next derived equation. Let the location of the yield points in the region where the part 
is in compression or tension be determined by variables b1 and b2 where these parameters are 
defined relative to the neutral line as shown in Figure 2.14(b). 
In areas of tension or compression stresses, the coordinates of the yield points are [10]:  
                                                                      𝑧1 = − a + b1                                                                      (2.18) 
                                                                      𝑧2 = −a − b2                                                                        (2.19) 
Substitute Eqs. (2.16) and (2.17) into Eq. (2.12) to yield the strain value in  
the tension area as:                                       𝜀𝜃𝑡
𝓎
  =  
   𝑧1+𝑎    
𝜌
  =  
𝑏1   
𝜌
                                 (2.20)    
and in the compression area as:                    𝜀𝜃𝑐
𝓎
  =  
   𝑧2+𝑎    
𝜌
  =  −
𝑏2   
𝜌
                       (2.21)   
The boundaries of the elastic section are defined by the variables b1 and b2 and can be found 
by applying Hooke’s law: 
                                                                  b1 = b2 = 𝜌 𝜀𝜃𝑡
𝓎
  = 
𝜌
𝐸′
  S0                                              (2.22) 
The value of 𝐸′ is obtained from Eq. (2.14) and S0 is the primary plane strain flow stress, Eq. 
(2.13). 
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The entire circumferential strain (𝜀𝜃 ) can be defined in plastic deformation area as the total 
constant strain at yield (𝜀𝜃
𝓎
 ) and the strain due to the material work hardening (𝜀𝜃
𝑤ℎ) : 
                                                                 𝜀𝜃 = 𝜀𝜃
𝓎
 + (𝜀𝜃
𝑤ℎ)                                               (2.23) 
The above equation can be re-written in term of material work-hardening in the regions 
subject to tension and compression: 
Tension region                                       𝜀𝜃𝑡
𝑤ℎ = 𝜀𝜃𝑡 − 𝜀𝜃𝑡
𝓎
 = 
𝑧+𝑎
𝜌
 − 
𝑆0
𝐸′
                                (2.24) 
Compression region                             𝜀𝜃𝑐
𝑤ℎ = 𝜀𝜃𝑐 − 𝜀𝜃𝑐
𝓎
 = 
𝑧+𝑎
𝜌
  +  
𝑆0
𝐸′
                               (2.25)   
Eq. (2.15) determines the circumferential stress in the plastic deformation area. To obtain the 
stress, the plastic strain needs to be identified. The plastic strain is calculated by adding the 
plastic strain to the strain due to work-hardening. However, the plastic strain 𝜀𝜃
𝑝
 = 𝜀𝜃 − 𝜀𝜃
𝑒  is 
less than the strain due to work-hardening 𝜀 𝜃
𝑤ℎ = 𝜀𝜃 − 𝜀𝜃
𝓎
 and, thus the circumferential stress 
is overestimated.  
In conclusion, the circumferential stress in the plastic region of the part being formed can be 
written as: 
that due to tension     𝜎𝜃𝑡
𝑝
 = 𝐶′ ( 𝜀0 + 
𝑧+𝑎
𝜌
 − 
𝑆0 
𝐸′
 )
n
                                     (2.26)  
that due to compression             𝜎𝜃
𝑝
 = - 𝐶′ (𝜀0 + |
𝑧+𝑎  
𝜌
  +   
𝑆0  
𝐸′
| )n                              (2.27) 
In the area being compressed, the plastic strain is negative; thus, its absolute magnitude is 
used in the power law to obtain the circumferential stress. The force and bending moments 
acting on per unit length of the part can be calculated from: 
                                                                         T = ∫ 𝜎𝜃
𝑡/2
−𝑡/2
 dz                                          (2.28) 
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M = ∫ 𝜎𝜃
𝑡/2
−𝑡/2
 dz                                          (2.29) 
The tensile force can be divided into three component parts: 
                                                                     T = Te + 𝑇𝑇
𝑝
 + 𝑇𝐶
𝑝
                                        (2.30)
 
Where 𝑇𝑒 present the force produced by the elastic stresses, 𝑇𝑇
𝑝
 is the tensile force produced 
by the plastic stresses and 𝑇𝑐
𝑝
 is the compressive forces produced by the plastic stresses. The 
contributions of the elastic and the plastic stresses to the total tension will be: 
T
e
 = ∫ 𝐸′  
𝑧+𝑎
𝜌
  
𝑧1
𝑧2
 dz                                                  (2.31) 
𝑇𝑇
𝑃 = ∫ 𝐶′
𝑡/2
𝑧1
 (ε0  + 
𝑧+𝑎 
𝜌
 − 
𝑆0
𝐸′
 )
n 
 dz                          (2.32) 
𝑇𝐶
𝑃 = − ∫ 𝐶′
𝑧2
−𝑡/2
 ( 𝜀0 |
𝑧 +𝑎
𝜌
+  
𝑆0
𝐸′
| )n dz                      (2.33) 
The sum of Eqs. (2.31), (2.32) and (2.33) gives the total moment per unit width acting about 
the mid-plane: 
M = M e + 𝑀𝑇
𝑝
 + 𝑀𝐶
𝑝
                                       (2.34) 
Where M 
e
 is the elastic bending moment, 𝑀𝑇
𝑝
 is the plastic part of the total bending moment 
in the tension area and 𝑀𝐶
𝑝
 is the plastic part of the total bending moment in the compression 
area: 
M
e
 = ∫ 𝐸′
𝑧1
𝑧2
 
𝑧 +𝑎 
𝜌
 𝑧 dz                                              (2.35) 
𝑀𝑇
𝑃 = ∫ 𝐶′
𝑡/2
𝑧1
 (ε0  + 
𝑧+𝑎 
𝜌
 −  
𝑆0
𝐸′
 )
n 
 𝑧 dz                     (2.36)    
𝑀𝐶
𝑃 = − ∫ 𝐶′
𝑧2
−𝑡/2
 ( 𝜀0 |
𝑧 +𝑎
𝜌
+ 
𝑆0
𝐸′
| )n 𝑧 dz                  (2.37) 
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2.4.1.2 Unloading stage – (springback) 
In this stage, the applied forces on the sheet are removed and the formed blank will release 
the bending moments. This springback (i.e. change in curvature of the formed parts) will 
change the final shape from that of the target shape. The total difference between design 
shape and the formed will be a function of the applied forces. The variation in internal 
stresses due to elastic unloading will be: 
   ∆𝜎𝜃 = 𝐸′∆𝜀𝜃                                                   (2.38) 
where                                                           ∆𝜀𝜃 = 
𝑧
𝜌
 − 
𝑧
𝜌′
 = ∆ (
1
𝜌
 ) z                             (2.39) 
After unloading, 𝜌′ presents the radius of curvature of the formed part. 
The change in bending moment ∆M due to the difference in internal stresses can be 
calculated from [10]: 
∆M = ∫ ∆𝜌𝜃 𝑧 𝑑𝑧
𝑡/2
−𝑡/2
 = ∫ 𝐸′∆( 
1
𝜌 
𝑡/2
−𝑡/2
 ) z2 dz                    (2.40) 
∆M = 
𝐸′𝑡3
12
 ∆ (
 1  
𝜌
) = 
𝑡3
12
 
∆ 𝜌𝜃
𝑧
                                        (2.41) 
while ∆M = -M as a result of removal of the applied forces. Then, the difference in forming 
curvature due to the applied bending moment is: 
       
𝐸′𝑡3
12
 ∆ (
 1  
𝜌
) =−𝑀                                                (2.42) 
Re-arranging gives    ∆ ( 
1 
𝜌
 ) = − 
12𝑀
 𝐸′𝑡3
                                           (2.43) 
The bending angle, θ, will change with change in bending curvature. This can be calculated 
from the length of bending arc l which remains constant after springback.  
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l= θρ            so          θ = l 
1
𝜌
                               (2.44) 
Differentiating, Eq. (2.44) with respect to bending curvature gives an expression for change 
in bending angle (springback), ∆θ: 
                
𝑑𝜃
𝑑(
1
𝜌
)
 = l = ρθ                                                  (2.45) 
which may be written:                     ∆θ = ∆ (
1
𝜌
 ) ρθ = − 
12𝑀
 𝐸′𝑡3
  𝜌𝜃                                   (2.46) 
From Eq. (2.46), it is possible to define the relationship between springback and some of the 
parameters that affect it. For example, ∆θ (springback) is proportional to the angle of bending 
θ; also, it is proportional to the ratio 
𝜌
𝑡3
. The presence of t
3
 in the denominator means the 
thickness of metal sheet has a very strong (inverse) effect on the magnitude of the springback.  
2.4.2 Numerical approach to predict springback in metal forming 
To predict formed part quality in sheet metal forming, many trials are necessary to reach a 
suitable die design to produce defect-free parts. Finite element simulations are used to 
improve the quality of the final shape by predicting the outcome of the deformation process 
by taking into account such factors as material properties, contact status, stress-strain 
distribution, history of the forming force and force release method, etc. The most significant 
parameters that affect the springback reported in the literature are part geometry, the material 
selected, element type and final part quality.  
Springback depends on the shape of the formed object and three simple shaped components 
have been used in studies to study the influence of modelling parameters on springback [28] 
as shown in Figure 2.15; (a) unclamped cylinder bending, (b) the scaled-down car roof and 
(c) the top-hat section. Description of material behaviour during the initial yielding and 
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plastic deformation are critical parameters in the FEA of metal sheet forming [28, 30]. It is 
essential to use reliable data in order to obtain a precise forecast of material behaviour during 
the stamping process. 
Springback simulation also is affected by the contact condition between the formed sheet and 
the tools [30]. Two main methods are used equally in FE simulations to describe the friction 
between the forming tools and the metal sheet; (1) the penalty method and (2) the Lagrange 
multiplier method [31]. For accurate FE analysis of springback, there are different element 
types based on final geometry and forming procedure that can be used to describe the sheet.  
 
Unclamped cylinder bending (cont.) 
  
Scaled-down car roof (cont.) 
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Top-hat section 
Figure 2-15 Three parts a,b and c known as sensitive to springback [28] 
 
Some very simple forming processes can be simulated as two-dimensional and axisymmetric, 
but in most cases, a three-dimensional model is needed [32]. In recent years, new forming 
methods have been invented to reduce production costs, such as multi-point forming, rubber 
forming and hydroforming. These new techniques have created secondary problems such as 
how to simulate hyper-elastic materials [28]. 
Today, several commercial codes such as MARC, COSMOS or ABAQUS [32] are available 
to represent the mechanical behaviour of diverse materials and in this research, ABAQUS 
was chosen as the simulation tool for modelling and analysing flexible metal forming 
processes [33, 34]. Two main methods have been used to solve the dynamic equilibrium 
equations at every time step in the forming process. The first is the explicit method which 
takes the conditions at time t to find an expected solution at time t+Δt, without iterating to 
check the convergence of the solution. This requires a relatively small time step to obtain 
accurate results. The second method is the implicit approach which obtains a solution at time 
t+Δt using the solution obtained at time t but with an iteration procedure to give the required 
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level of accuracy [35].  Sun et al., [34] investigated fast and slow linear contacts for a range 
of simple dynamic problems and monitored the difference in results obtained by implicit and 
explicit integration approaches. They concluded that the explicit method is much less 
computationally expensive than the implicit for fast contact problem. In contrast, the implicit 
method is more suitable for slow contact problems.  
Narasimhan and Lovell [36] applied the explicit technique for the loading step analysis and 
the implicit method for the unloading step (springback). The springback predictions obtained 
showed good agreement with the experimental results. Li et al., [37] reported that the contact 
behaviour in the metal sheet forming process is very complicated during the loading step, 
especially in MPF. That the use of an implicit algorithm to solve this type of problem will 
need a huge memory and a lot of processing time, and includes the possibility of a failure to 
converge to a solution. Use of the explicit method is more suitable for contact problems such 
as metal forming (quasi-static problems) in terms of improving solution efficiency. The 
unloading of the formed part was a simpler process due to there being no contact issues, and 
the implicit algorithm provided good results with less calculation time. 
2.4.3 Experimental approach to predict springback in metal forming 
To study and characterise springback in sheet metal forming experimentally, several 
techniques have been utilised, the most common one is air binding V-bending [38], U 
bending [39] and straight flanging [40]. These approaches are attractive as the springback 
magnitude is large and easy to measure, see Figures 2.16-2.18. These methods are usually 
chosen to investigate the effect of basic parameters, such as mechanical properties of the 
sheet, tool radius and sheet thickness on springback. 
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Figure 2-16 Springback (Δθ) for V-bending (a) loading (b) unloading step 
 
Figure 2-17 Springback (Δθ) for U-bending (a) loading (b) unloading step 
 
Figure 2-18 Springback (Δθ) of straight flanging part (a) loading (b) unloading step 
 
The use of tension as a technique to control or minimise springback has been studied using 
the stretch bending test [41] to study the influence of in-plane tension on springback as 
shown in Figure 2.19.  
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Figure 2-19 Definition of springback in the stretch bending [41] 
 
An experiment called the draw-bend test, proposed by Carden et al., [42], can be used to 
investigate the level of springback in sheet metals under forming conditions similar to those 
found in industry, see Figure 2.20. 
The system contains two actuators oriented at 90
o
 to one another. The tooling radius is that of 
a cylinder located at the intersection line of the upper and the lower actuators. A constant 
horizontal restraining force, Fb, is provided by the upper actuator, whereas the lower actuator 
draws the blank downwards at a constant speed v. 
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Figure 2-20 Schematic of draw-bend test [42] 
 
 Once drawn in excess of the tool radius, the blank experiences tensile loading, bending and 
unbending. As a result of these actions, a reversal loading in the material occurs. Finally the 
test sample is allowed to springback by removal the loads and ∆θ is measured. This method is 
considered as a well-characterized case of a forming process that matches actual process 
settings and has the advantage of simplicity [43]. 
2.5 Design of experiments and optimisation approach in metal sheet forming 
To study the relationship between process parameters and quality of the formed part in sheet 
metal forming, Design of Experiments (DOE) procedures has been used by many researchers 
as effective tools for optimising the forming process parameters [44]. The optimisation 
method is a process used to find an optimal solution under certain specified conditions and to 
obtain an objective function that can be used to maximise or minimise a set of response 
parameters [45]. The time to complete the optimisation process can be very long for complicated 
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shapes [23], but the response surface method (RSM) is considered a reliable technique to reduce 
this time [46].  
The RSM assesses an objective function at a number of points in the design space to achieve 
a good estimation of objective function [47]. RSM has been used in modelling of several 
prediction factors influencing springback in the metal sheet forming process. Srinivasan et 
al., [48] used RSM to predict springback in air bending of steel sheets, the model’s result 
obtained were in good agreement with the experimental results. Naceur et al., [49] optimised 
tool geometry by using RSM to minimise springback in sheet metal forming. Chou and Hung 
[39] have used response surface method to optimise process parameters such as punch radius 
and die gap values to reduce springback in channel wall bending. 
2.6 Review of research into springback errors  
Springback in sheet metal forming can be controlled or minimised by two strategies [50]. The 
first is based on mechanical reduction of springback such as applying an optimal blank holder 
force to minimise the springback. Liu et al., [51] stated that by applying a variable blank 
holder force during the forming process improved dimension accuracy. Multi-step sheet 
forming is another example of a mechanical way to reduce the springback and was introduced 
by Li et al., [52]. Numerical simulation and analysis predicted that springback would be 
reduced when multi-step MPF was used, and this result has been validated. The advantage of 
these approaches is that they are an effective way to control springback and, importantly, the 
tool’s shape is not required to be modified [53]. 
 The second way to eliminate springback is geometry-based springback compensation. These 
methods are based on making an accurate prediction of springback by using FE simulation 
and then applying appropriate allowances on the tools so the final formed shape will closely 
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approximate that of the target. Examples of this approach are Displacement Adjustment (DA) 
[53] and Spring Forward (SF) methods [54].  
2.7 Summary 
In this chapter, a review has been provided of sheet metal forming techniques such as flexible 
sheet metal forming and MPF. Springback, as an unavoidable error in sheet metal forming, 
has been explained, and the most common techniques used to control or eliminate it have 
been introduced.  
According to the literature reviewed, the ABAQUS software (with explicit and implicit 
approaches) has been used to successfully simulate the loading and unloading steps of the 
forming process. The DOE and optimisation analysis has been shown by some researchers to 
be an appropriate procedure to identify the optimum process parameters to minimise 
springback and improve formed part quality. 
In this study, the MPF pin’s size was a fixed parameter as MPF tools were designed by [2] 
and manufacturing by Loadpoint Ltd [55], most MPF process parameters that influence 
springback were investigated using suitable ranges. Statistical approaches such as DOE and 
Analysis of Variance (ANOVA), which can be applied to identify the most critical working 
factors that influence the final product quality and the optimal working parameter 
combinations, are seldom used in MPF in practice.  
On the basis of the literature review, an intensive investigation is proposed to provide a better 
understanding of the relationship between springback and thickness distributions of the 
formed part. Also, a new method to measure the local forming force on individual pins of 
MPF tools will be introduced and the effect of these measured forces on springback 
investigated. 
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From the literature review, rubber forming has largely been limited to solid tools used for 
sheet metal forming. In this project a low-cost tool will be investigated with the aim of 
combining a rubber cushion with a multi-point tool to gain the advantages of both processes; 
to reduce cost and setup time while improving the quality of the final part in terms of 
wrinkling and springback. 
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CHAPTER 3:  
MULTI-POINT FORMING TOOLS AND MEASUREMENT 
APPARATUS 
 
This chapter provides a description of the mechanical tests conducted to extract relevant 
mechanical properties of the different material used. These are essential for accurate FE 
simulation of the forming processes. A brief description is given of existing MPF tool 
components [2]. The specification of the apparatus used to measure the total and individual 
forming forces, punch movements and to compare the shape of the final formed part to 
desired design shape are listed and described. 
3.1 Mechanical tests for material properties 
The most common procedure to derive basic mechanical properties of materials is the tensile 
test because it is simple and easy to use. Mechanical properties of the material such as yield 
strength, percent elongation, ultimate tensile strength, anisotropy parameters and plastic flow 
can be determined via the tensile test. Although the tensile test has the benefits of simplicity 
and low cost, only limited strain values can be obtained due to the fact that the process is 
applied under uniaxial stress conditions. 
3.1.1  Uniaxial tensile test to failure  
The properties of a metal blank of aluminium alloy 5251-O were derived from uniaxial 
tensile tests, performed using a Zwick / Roell uniaxial tension/compression machine in the 
School of Metallurgy and Materials at the University of Birmingham (UOB), see Figure 3.1. 
The load capacity of the machine is 200 kN with changeable speed from 0.005 to 200 
mm/min, a wide range which allows choice of a strain rate suitable for the relevant forming 
process. The test was performed using a displacement control with a crosshead speed of 0.5 
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mm/s [23, 56]. The tensile test was applied on a standard specimen as shown in Figure 3.2, 
formed by a wire cutting machine at different angles to the direction of rolling: 0
0
 
450  and 900 as in Figure 3.3. For each of these directions, two specimens were prepared. Six 
samples were cleaned and measured prior to the tests using a micrometre to give accurate 
width, gauge length and thickness measurements.  
 
Figure 3-1 Uniaxial tensile machine 
 
Figure 3-2 Standard specimen for mechanical tests 
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Figure 3-3 Tensile test specimens (different angles to the rolling direction) 
 
The test results determined the engineering stress and strain using Eqs (3.1) and (3.2). 
                                                                  𝜎𝑒𝑛𝑔 = 
𝑃
𝐴0
                                                         (3.1) 
𝜀𝑒𝑛𝑔 = 
∆𝐿
𝐿0
                                                           (3.2) 
Where P is the tension load applied to the specimen, 𝐴0, 𝐿0 and ∆L refer to the original area, 
gauge length and displacement of the specimen respectively. Under the assumption of 
constant volume, the true stress and true strain were computed from Eqs (3.3) and (3.4): 
𝜎𝑇 = 𝜎𝑒𝑛𝑔 (1 + 𝜀𝑒𝑛𝑔 )                                                (3.3) 
                               𝜀𝑇 = ln (1 +  𝜀𝑒𝑛𝑔 )                                                   (3.4) 
The data imported by the PC connected to the Zwick / Roell tensile machine, and the above 
equations, were used to plot the stress-strain curve for the aluminium alloy 5251-O in three 
directions (see appendix 1).  The modulus of elasticity was calculated as the slope of stress-
strain in the elastic region, according to ASTM E-8, Standard Methods for Tension Testing of 
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Metallic Materials [57], the yield stress was taken from the stress-strain curves by drawing a 
horizontal line from yield point act to vertical axis which is force (N).  
 
Figure 3-4 Stress-strain curve for Aluminium alloy 5251-O 
 
Figure 3-4 shows the unstable stress-strain curve for the specimens of Al alloy 5251-O 
obtained for different direction relative to the rolling direction, the slight differences observed 
are due to the Portevin-Le Chatelier (PLC) effect found in Aluminium and Magnesium alloys 
[58, 59]. This is due to the interaction between solute atoms and mobile dislocations known as 
dynamic strain ageing and consequent inhomogeneous deformation with a number of 
localisation bands [60]. This progression starts at a so-called critical strain, which is the 
lowest strain required for the beginning of the serrations in the stress-strain curve. The critical 
strain is both temperature and strain rate dependent [61]. 
Figure 3.5 displays the mechanical properties of the Al 5251-O metal sheets namely, yield 
stress (Y) and ultimate stress (U) for different orientations relative to rolling. It is clear from 
Figure 3.5 that as the orientation angle increases there is a small monotonic increase in the 
stress value (maximum stresses value at 90
o  
to the rolling direction)
 
[62]. 
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Figure 3-5 Yield and ultimate stress for Al 5251-O 
 
3.1.2  Anisotropy test  
Sheet metal properties are not same in all directions (orientation dependency). This property 
of metallic materials, related to the direction of rolling, is named anisotropy. Generally, the 
state of anisotropy is identified by the R-value, defined as the relation of width strain to 
thickness strain. 
In the plastic deformation region, the metal is exposed to plastic anisotropy, which may vary 
depending on the angle relative to rolling (rolling, transverse and diagonal directions) so the 
properties of the blank are non-homogeneous [23]. 
Plastic anisotropy is given by the anisotropy constant: 
𝑟𝑎  = 
𝜀2
𝜀3
 = 
𝜀𝑤
𝜀𝑡
 = − 
𝜀𝑤
(𝜀𝑤  + 𝜀𝑙   )
                                        (3.5) 
where, 𝜀2 is the width strain of the specimen and 𝜀3 is the thickness strain of specimen. The 
summation of width strain (𝜀𝑤) and length strain (𝜀𝑙) of the specimen is equal to the strain in 
the direction of the specimen thickness (𝜀𝑡). An indication of the type of strain can be 
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obtained from Eq. (3.5), if the value of 𝑟𝑎 is greater than unity the sheet is formed in the 
width direction to a greater extent than in the direction of sheet thickness, which is known as 
‘thinning resistance’. If the value of  𝑟𝑎 is less than unity, the sheet will be thinner and this 
leads to the real possibility of sheet failure during the forming process. The main purpose of 
this test is to determine the degree of anisotropy of the blank, which may affect the metal 
sheet forming process, particularly the springback.  
Using same specimen as in Figure (3.2) to determine plastic strain ratio, the r-value was 
calculated from the width and the gauge length after the tensile test, after the specimen had 
been subjected to 20% length strain [63]. With the machine stopped the final length and 
width were measured three times in different locations and the average used in Eq. (3.5). The 
normal R-value is calculated as [64]: 
𝑅𝑎 = 
𝑟0+2𝑟45+𝑟90
4
                                              (3.6) 
The resulting R-values for the aluminium alloy at 00, 450 and 900 to rolling orientation are 
listed in Table 3.1.  as expected, the value of 𝑟𝑎 at orientation 90
0 is the highest and 450 is 
the lowest [65]. 
Table 3-1 Ra for aluminium alloy 5251-O 
Rolling direction No of samples 𝑟𝑎 Average value 𝑅𝑎 
 
00 
1 
2 
3 
0.605 
0.574 
0.593 
 
0.591 
 
 
 
0.5807  
450 
1 
2 
3 
0.522 
0.535 
0.531 
 
0.529 
 
900 
1 
2 
3 
0.604 
0.638 
0.625 
 
0.622 
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3.1.3  Uniaxial Compression Test for Polyurethane properties  
Polyurethane materials are utilised in MPF because they have a combination of the durability 
and toughness of metals and the elasticity of rubber [33]. In FE analysis, polyurethane is 
described as hyper-elastic materials: when subjected to very large strains they undergo elastic 
deformation - i.e. temporary deformation of the material which then returns to its original 
shape when the applied force is released. Generally, a simple elastic deformation describes a 
linear relationship between stress and strain, as in metals. But in the case of rubber material 
the elastic deformation with high linearity is applied [33].  As a result, a unique formula is 
required to describe the stress-strain characteristics. ABAQUS has numerous models such as 
Arruda-Boyce, Ogden, van der Waals, Marlow, neo-Hookean and Mooney-Rivlin to describe 
strain energy potentials and model elastic cushion material. 
Experimental data for polyurethane (90 shore A hardness [66]) material was obtained using 
the uniaxial compression test, as shown in Figure 3.6, because it is considered more relevant 
to the deformation occurring during the MPF process. 
According to the standard ASTM D575 [33], the polyurethane specimen should be circular 
with diameter 28.6 ± 0.1 mm and thickness 12.5 ± 0.5 mm, see Figure 3.6. The final test 
pieces were obtained by cutting them from long rods of polyurethane of the required 
diameter; three specimens were tested and the results averaged to reduce any errors arising 
when cutting the specimens from the rod. The testing technique followed by the uniaxial 
compression test was to determine the deflection corresponding to 70% of the maximum 
compression ratio used in this research, and then the force was applied to produce a 
compression rate of 10 mm/min. To avoid lateral slippage between the test machine and the 
polyurethane specimen during the test, a sheet of sandpaper (400 grit waterproof sandpaper 
42 
 
 
was found satisfactory) was located between the test tool surface and rubber polyurethane 
surface as recommended in ASTM D575-91 (2012). Figure 3.7 shows the load-compression 
curves gained from the compression test. 
 
Figure 3-6 Compression test for A90 Polyurethane specimen 
 
Figure 3-7 Load-displacement relations obtained for 90 Shore A Polyurethane 
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3.2 Conventional MPF experimental setup 
This section outlines the specification of the MPF tools shown in Figure 3.8 used to produce 
double curved metal sheets. The pin size, as shown in Figure 3.9, is fixed in this rig, though a 
number of process parameters affecting springback and mentioned in the literature review 
have been taken into the account in the rig design. These parameters are the radius of 
curvature of the design shape, elastic cushion thickness and the force holding the blank in 
place.  
The test rig was assembled on a MACKEY BOWLEY press, located in the School of 
Engineering at the University of Birmingham (see Figure 3.10). This is a 4 column 
downstroke hydraulic press and with 200-tonne clamp and 200-tonne punch (serial number 
10994/99) digitally controlled  
 
Figure 3-8 MPF test rig 
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Figure 3-9 Pin dimensions 
 
Figure 3-10  Press machine 
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3.2.1  MPF punch and die details  
The MPF tools were developed to form double curved parts with different radii of curvature 
from 400 mm up to 800 mm. The pin is the main factor in constructing re-configurable tools, 
and should be of an appropriate material to withstand the given external loads during use, 
with appropriate shape and size. Here the pin cross-section was 10×10 mm with a 10 mm tip 
radius and with 0.25 mm gap between adjacent pins. The pins were packed uniformly in a 
matrix of 30×20 pins, as in Figure 3.11, to form a continuous formed surface. An active 
mechanical method is used to modify the reconfigurable pin tool. i.e. the height of the pins 
can be adjusted by rotating the lead screw located at the bottom of the pin as shown in Figure 
3.9. The MPF punch and the die are each constructed of 30×20 pins with an active blank size 
300 mm × 200 mm. A comprehensive discussion of existing MPF tools, with details of the 
design of tool parts, pin height adjustment and surface control methods are given in [2].  
 
Figure 3-11 MPF punch 
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3.2.2  Blank holder 
The influence of blank holder force on the eformed part will be investigated in this research. 
The blank holder was designed according to the simulation predictions which included the 
effect of the blank holder on material flow into the die and part quality such as thickness 
variation, wrinkling and springback. In this work the upper plate of the blank holder is held 
by bolts fitted with springs of known stiffness. The information supplied by the manufacturer 
was validated by compression machine and it was confirmed that every 1 mm compression of 
the springs produced a force of 244 N [2]. This gave the ability to change the value of the 
force holding the metal sheet during the forming process. The head of bolts were fixed and 
the rotating the nuts to compress the spring increased the compression force until it reached 
the required value. For example, to clamp the sheet by 20 kN, every one of the ten springs 
should be screwed up 8.2 mm. The location of the springs along the blank holder was 
determined carefully to ensure uniform pressure distribution on the metal sheet while it was 
clamped during the forming process. 
 
Figure 3-12 Blank holder with springs 
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3.2.3  Load cell (100 Series low profile)  
A load cell is a transducer which converts the measured load to an output as a measurable 
electrical signal. There are many force sensors, with the strain gauge the most commonly 
used as it is fit for almost all engineering applications. They are chosen for an application 
according to the way they sense load (tension, compression, bending, shear, etc.). 
The selected load cell is a high accuracy compression type with sufficient capacity to suit a 
wide range of applications; it is manufactured by Richmond Industries, one of the UK’s 
leading load cell manufacturers. This model of load cell (100 Series low profile) has the 
option to connect directly to a PC/Laptop via a USB port as shown in Figure 3.13. Data can 
then be viewed and logged on PC or laptop. The logged data can be loaded into Excel and 
many other spreadsheets to produce graphical reports, etc. [67] 
To ensure the reliability of this load cell, it was subjected to known forces and the output 
reading recorded the same value as the applied force, which gives confidence in future 
results.  
 
Figure 3-13 Richmond Industries 100 Series low profile load cell 
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3.2.4  Distance sensor 
A Microsonic M30 ultrasonic proximity sensor with an operating range of 30 mm to 250 mm 
was used to sense the position of MP punch movement [68]. The M30 was connected to an 
Omega data recorder which was connected to a PC/Laptop. Windows-based software enabled 
the user to analyse and display the date using powerful tools that are part of the package. The 
software can also be used to display real-time data from the M30 directly onto the PC/Laptop 
screen [69].  
 
Figure 3-14 Microsonic M30 distance sensor connected to data logger 
 
3.2.5   3D Faro arm scanner 
The FARO scan arm is an ideal contact/non-contact measurement system, which combines 
laser line and hard probe and makes this instrument an effective way to inspect complex parts 
without having to make contact. The formed product is scanned with high resolution and 
accuracy (± 25 μm) and the scanner provides rapid cloud point collection (scan rate = 
560,000 points/sec) which can be imported to the Geomagic software and compared with 
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imported CAD files (such as Solidworks) representing the designed part [70]. Comparison 
between the formed part and designed part will identify wrinkling, springback and thickness 
variation.  
The scanned image can be compared to the image of the designed shape stored in a CAD file 
to identify wrinkling, springback and thickness variation. A series of steps are required to 
ensure the images are properly aligned (such as scan registration, etc.), points verified 
(sample, repair, etc.) before analysis and comparison takes place (compare, measure, etc.). 
 
Figure 3-15 Geomagic software connected to Faro arm scanner 
 
3.3 Measurement tools for individual pin force 
To measure the forming force on the different pins within the narrow working area requires a 
sensor with high specification. One such sensor considered suitable is the Fibre Bragg 
Grating (FBG) which is both small and lightweight. 
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3.3.1  Fibre Bragg Grating sensor 
Fibre Bragg Grating (FBG) sensing technology is now commonly used in manufacturing and 
industry [71]. FBG sensors have a number of exclusive advantages over traditional sensors 
(electrical and piezoelectric). For example, they are small (inner core of 4 to 9 μm diameter 
and with outer cladding 125 μm diameter) [72], lightweight and immune to electromagnetic 
interference.  FBG sensors are also sensitive to both temperature and strain [73]. 
3.3.2  Working principle of FBG sensors  
A FBG sensor is a strain measuring device that consists of periodic variations in the 
refractive index of a short length of optical fibre, usually in the form of a grating. Figure 3-16 
shows how, when incident light (𝑃𝑖) travels through the grating a specific wavelength (𝑃𝑟) - 
the Bragg wavelength - is reflected, while the remainder of the spectrum (𝑃𝑜) passes though 
the grating unaffected. If the fibre is subject to axial strain, the grating is stretched and causes 
a shift in the wavelength of the reflected light proportional to the strain. Once the instrument 
is calibrated, it is possible to measure strain (and other parameters) dynamically. 
Figure 3.17 shows the structure of the real-time system for measuring the strain in MPF tools. 
The system is in four parts: parameter to be measured (strain on pins), FBG sensors, FBG 
interrogator and computer [16]. 
3.3.3  A FBG sensing system 
Figure 3.18 shows how the tools that when connected together make the sensing system to 
collect measurement data and analysis them. These tools include the optical fibre, FBG 
interrogator (SmartScan), Ethernet cable and PC with SmartSoft software.    
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One or more optical fibres (SmartScan can accommodate up to 4 channels) with dozens of 
FBG sensors, each having a slightly different wavelength so as not to interfere with one 
another are installed on the individual pins of the MPF tool. These sensors are connected to 
the SmartScan dynamic interrogator. This arrangement provides the local forming force 
information by recording elastic strain. The SmartScan interrogator unit sends light down the 
optical fibres and records the wavelengths returned from the various sensors. The reflected 
wavelength is transmitted through the Ethernet cable to the processing unit (computer) to 
analyse and convert to local forming force information corresponding to the stage of the 
forming process.  
 
Figure 3-16 Concept and working principle of FBG sensor [71] 
 
Figure 3-17 Block diagram of strain measurement system 
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Figure 3-18 Tools to sense, measure and analyse local forming force 
 
3.4 Summary 
This chapter reports the experimental work facilities to obtain the mechanical properties that 
are necessary to model the behaviour of the material samples using FEA. The stress-strain 
curves for all tested specimens were for drawn aluminium 5251-O alloy and polyurethane 
A90. The aluminium alloys experienced a serrated stress-strain curve due to the so-called 
PLC effect [23, 58]. 
A brief description has been given of the MPF tools with associated apparatus used to 
complete the validation of simulation results (such as MPF tools, load cell, distance sensor 
and 3D Faro arm scanner for final measurements of formed parts). 
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A sensing system to measure the local force on selected pins in the MPF tool for the first time 
is presented, and includes optical fibre sensors, interrogator unit, Ethernet cable, and the 
processing unit to convert reflected wavelengths to measures of strain 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
54 
 
 
CHAPTER 4: 
 DEVELOPMENT OF FINITE ELEMENT MODELS FOR MPF  
 
4.1   Finite element modelling of MPF process  
The FE approach enables an investigation to be made of the effect of forming parameters on 
product quality and determine optimal conditions for forming tools to achieve the best target 
shape before moving forward to the prototype stage. As modern numerical tools become both 
more readily available and better able to simulate metal forming processes, it is now possible 
to accurately simulate nonlinear problems for a full three-dimensional model much quicker 
than experimentally.  
FE simulation is, of course, sensitive to the parameters input to the simulation; these will 
include both the physical properties involved such as frictional forces and computational 
factors such as mesh size and element type. In this section, the FE model for MPF is used to 
explore the impact of significant parameters in the forming process (forming curvature, blank 
holder force and elastic cushion hardness and thickness) on the quality of the produced part in 
terms of springback. The system was assumed to be symmetric, including the boundary 
conditions, so that only one quarter was modelled to reduce computation time considerably.  
ABAQUS was used to produce the simulation as it had previously been used to solve several 
of engineering problems with reliable results [33]. It provides a varied range of elements that 
can be utilized to simulate the properties and behaviour of virtual shape features using 
materials such as rubber, polymers, metals and concrete. ABAQUS offers the ability to 
simulate linear and nonlinear problems and to simulate every part in isolation in the case of 
multi-components [2, 74, 75]. 
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Usually, a full analysis by ABAQUS involves three main steps: pre-processing, simulation 
and post-processing as shown in Figure 4.1 
 
Figure 4-1 The procedure of ABAQUS simulation [76] 
 
In the first step, a model of the real problem must be built, material properties is defined, 
contacts rules are chosen, process boundary conditions is applied and the mesh element type 
is selected. Then the input file created by ABAQUS.   Then, in the second step, the numerical 
simulation using ABAQUS/Explicit or ABAQUS/Standard approaches attempts to solve the 
problem that is defined in the model. The evaluation of the results in the last step after the 
simulation has been finished uses the visualization module, which offers various options for 
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displaying the results, these include animations, X-Y data to draw stress-strain distributions, 
forces, displacement, profiles etc. [33]. 
ABAQUS/Explicit and ABAQUS/Standard are capable of solving a wide variety of 
problems, through an understanding of the characteristics of implicit and explicit techniques 
does help to determine which technique is more appropriate for a particular problem. 
ABAQUS/Explicit was selected to conduct numerical simulation of MPF processes, and has 
proved valuable in metal forming simulations. Unique advantage of the explicit approach 
over the implicit is the solving of complex interaction problems. Moreover, when the model 
becomes large, the implicit method requires the resources of a much large computer system 
than the explicit method [77]. 
To solve dynamic problems including deformation of objects; an explicit approach has been 
applied, as a result the solution at the time (t+∆t) is found from information related to time 
(t). For every incremental step, the initial kinematic states are applied to compute the state for 
the following increment. The node acceleration ( ?̈?) can be estimated at the start of the 
increment depending on dynamic stability using Equation 4.1 [78]. 
?̈?(𝑖)  = 𝑀−1 ( 𝑃(𝑖) − 𝐼(𝑖) )                             (4.1) 
Where M is the mass matrix, P is the vector of applied load, I is the vector of internal forces 
and the superscript (i) refers to the increment number of an explicit dynamic step. 
By applying time integration, and using fixed time increment ∆t, it is possible to compute the 
velocity and the displacement as shown in Equations 4.2 and 4.3 [79]: 
?̇?(𝑖+
1
2
)
 = ?̇?(𝑖−
1
2
)
 + 
∆𝑡(𝑖+1) + ∆𝑡(𝑖)
2
 ?̈?(𝑖)                                    (4.2) 
57 
 
 
𝑢(𝑖+1) =  𝑢(𝑖) + ∆𝑡(𝑖+1) ?̇?(𝑖+
1
2
)
                                    (4.3) 
The central-difference integration operator is explicit in the sense that the kinematic state is 
advanced using known values of ?̇?(𝑖−
1
2
)  and ?̈?(𝑖) from the prior increment. 
To reduce simulation time one small time increment is used to get a solution and load rate 
scaling and mass scaling techniques are introduced. A significant reduction in computational 
time is produced but the simulation still provides acceptable results [26]. 
4.1.1 Model development 
A FE model was generated and used to investigate the MPF technique. The model simulates 
two groups of pins creating the die and the punch respectively, the metal sheet, two elastic 
cushion layers and the blank holder frame. Figure 4.2 illustrations the apparatuses of the 
model and their dimensions. 
The model was arranged to produce double curved panels with various radii of forming 
curvature. Pins with a tip radius of 10 mm and 10 × 10 mm cross section area were used as 
suggested by Abosaf [2]. The active sheet dimensions (area covered by the pins) were 300 
mm × 200 mm (the whole model). The MPF punch and die were each constructed with 600 
pins (30 × 20 pins). C3D8R type is deformable solid elements were applied to model the 
metal sheet and the layers of elastic cushion in ABAQUS software during simulation. The 
metal sheet were divided to five layers of elements as suggested by Wang et al., [77]. Also, 
three layers of elements were used through thickness for the elastic cushion. So, the total 
numbers of elements in the models were 1,084,180 and 47,201 for the metal sheet and the 
elastic cushion layers respectively. (It is a reminder, only a quarter of the sheet and elastic 
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cushion layers were modelled, element size for sheet is 0.4×0.4×0.24 mm and for elastic 
cushion is 1×1×1 mm). 
 
Figure 4-2 Finite element model and model dimensions [80] 
 
The pins were organized to form a doubly curved surface (a saddle) with 400 mm radii of 
forming curvature. A discrete rigid body was used for modelling both the punch and die, with 
R3D4 element type as suggested by Zareh-Desari et al., [81]. As a final point, the blank 
holder frame was modelled as an analytical rigid body, as this was computationally less 
expensive than a discrete rigid part [82].  
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4.1.2 Boundary condition and material properties  
As the final part is symmetry, a quarter of FE model was used to simulate the forming 
process. Thus, symmetrical boundary conditions were applied to the metal sheet and elastic 
cushion layers. The lower part of the blank holder and the die were obstructed from 
movement in the all directions X, Y and Z but the upper part of the blank holder and the 
punch were fixed in two directions X and Z only and allowed to travel along the vertical 
direction (Y). Forces of different values were applied to hold the metal sheet in the Y-
direction depending on the required force. Figure 4.3 shows the FEM with applied boundary 
conditions. 
 
Figure 4-3 Boundary conditions and mesh types of FE model [80] 
 
The metal sheet was aluminium alloy 5251-O, 1.2 mm thick. To know the mechanical 
properties of the metal sheet, tensile tests were carried out using a Zwick / Roll test machine 
on specimens prepared at 0
o
, 45
o
, 90
o
 with respect to the rolling direction as described in 
Chapter 3. Table 4-1 shows the measured properties of tested material.  
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Table 4-1 Measured mechanical properties of tested material 
Property Value 
Modulus of elasticity (E) 65 GPa 
Density (ρ) 2700 kg/m3 
Yield stress (𝜎0) 100.2 MPa 
Poisson’s ratio (ν ) 0.33 
Strength coefficient (k) 270 MPa 
 
An isotropic model was selected to define the yield behaviour of the material in simulation by 
ABAQUS. The elastic behaviour was defined by the young modulus and Poisson’s ratio.  
While the behaviour of the material in plastic region was modelled using Ludwig’s equation [83] 
σ = 𝜎0 + K. 𝜀
𝑛                                                   (4.4) 
where Ϭ presents true stress,  σ0 the yield stress, ε true strain, K the hardening coefficient, 
and n the hardening exponent. Figure 4.4 shows the true stress-true strain curve for the 
aluminium alloy material. 
 
Figure 4-4 Stress-strain curve for aluminium alloy 5251-O [80] 
In this research, the behaviour of elastic cushion layers made from polyurethane with a Shore 
hardness of A 90 was modelled with nonlinear hyper-elastic [84, 85]. FEA was applied to 
61 
 
 
identify the constitutive model to simulate the behaviour of the elastic cushion layers. 
ABAQUS offers the evaluation function to test experimental data of hyperelastic material 
against different forms for the strain energy potentials [86], three models were chosen for this 
test; Neo Hook, Yeoh, and Mooney-Rivlin, see Figure 4.5. In terms of stability of the model 
during simulation at high strain rate and best fit with the experimental data (root-mean-square 
error (RMSE)), it can be realised that the Mooney–Rivlin hyper-elastic material model 
provided these criteria. So, this relation was chosen to describe the behaviour of the elastic 
cushion layers. In this constitutive model, the strain energy per unit volume can be 
determined as [87]:                    U = C10 ( 𝐼1̅ - 3) + C01 (𝐼2̅ − 3) + 
1
𝐷1
  (Jel – 1)
2
                    (4.5) 
where U is the strain energy per unit of reference volume, C10 and C01 and D1 are material 
constants.  C10, C01 presented deviation component and D1 presented compressibility. The 
experimental data is used to determine the required coefficients of Mooney–Rivlin model  for 
polyurethane material in ABAQUS software [88]. Jel is the elastic volume ratio, The values of 
C10 , C01 and D1 are 0.861, 0.354 and 8.69E-02 respectively, 𝐼1̅ and  𝐼2̅ are the first and second 
strain invariants in the material [81]. 
 
Figure 4-5 Hyperelasticity evaluation for A90 Polyurethane by ABAQUS [80] 
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4.2 Model Validation 
A FE model has been developed to simulate the MPF process. This model contains two 
groups of pins called punch and die, a sheet of material with dimensions of 150 mm × 100 
mm × 1.2 mm thick and two sheets of elastic cushion with dimensions of 153.5 mm × 102.25 
mm × 3 mm thick for each. As stated above, to reduce the times of computing, since the 
model is symmetric, only a quarter of the model was used for the simulation, see Figure 4.6.  
The analysis of springback required two sequential steps: loading and unloading step. The 
loading step is when the punch pressed the metal sheet into the die and this is simulated using 
ABAQUS/ Explicit. Subsequently, the initial state for springback analysis was the unloading 
step where all the forming forces were released and the implicit procedure was applied to 
solve the problem (ABAQUS/Standard). The change in the radius of curvature of the formed 
part (displacement U2) was taken as a reference to evaluate the magnitude of the springback. 
 
Figure 4-6 Quarter of FEM without blank holder 
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Two criteria were used to make sure the FE model was stable and ready to use. First, mesh 
size is an important factor affecting the quality of model’s results: a coarse mesh decreases 
calculation time but provides less accurate outcomes. To get equilibrium state between the 
precision of the final out comes and the computational time, the size of mesh element was 
studied for the MPF model to secure accurate simulation results. The second criterion, the 
model of energy balance can be used to help evaluate whether an ABAQUS/Explicit 
simulation is resulting a correct response.  
4.2.1 Mesh sensitivity analysis  
To simulate springback precisely is so hard, and it is sensitive to many numerical factors; 
such as element type, the number of elements to describe formed parts, and so on. All these 
are important factors to be considered when evaluating the quality of the model’s results that 
are produced. A number of studies, such as those by Lee et al., [89], have been conducted to 
understand the influence of numerical factors on the accuracy of the expected profile after 
unloading step (springback, U2 in Abaqus). Their results confirmed that the mesh element 
size has the significant influence on springback prediction accuracy with a smaller element 
size generally producing more accurate predictions. Alternatively, a fine mesh leads to more 
computation time. Therefore, the relation between number of elements describing the sheet 
and springback was studied in order to choose the optimum mesh element size to describe the 
sheet without adversely affecting the model results.  This provided an optimum mesh density 
to use for all the subsequent investigations of the MPF process. In the FE model, the 
deformation of MPF tools was ignored as it is very small related to that of the metal 
sheet and elastic cushion, therefore, all the elements of forming tooling were 
modelled as rigid bodies.  
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Figure 4.7 shows the result of increasing the elements number used to represent the metal 
sheet in the MPF process on springback (radius of forming curvature 800 mm). It can be seen 
that springback value becomes stable when the number of elements reached 281,250 which 
represents a 0.4×0.4×0.4 mm mesh element size (0.064 mm3), as shown in Figure 4.8, and 
this size was then used for all further simulations. The element dimensions that were studied 
were, 1×1×1.2 mm, 1×1×0.6 mm, 1×1×0.4 mm, 0.4×0.4×0.4 mm and 0.3×0.3×0.3 mm 
 
Figure 4-7 Mesh density vs springback 
 
Figure 4-8 Springback for sheet, element size 0.4×0.4×0.4 mm 
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4.2.2 Energy blance in quasi-static analysis 
Calculation of model energy is a method to make sure the FE model is stable and ready to 
use. Comparing the history result of kinetic energy and internal energy is a good approach to 
decide whether an acceptable quasi-static solution has been achieved. In the analysis of metal 
sheet forming, plastic deformation is considered the source of most internal energy. The 
kinetic energy (ALLKE) of the deformation sheet should be no large than a few percent (5-
10%) of its internal energy ( ALLIE) throughout the most of a quasi-static analysis[74], a 
small fraction is generally not possible to reach this in beginning stage as the deformable 
sheet will be moving before it starts any significant deformation. In Figure 4.9, it is clear that 
the kinetic energy percentage is in agreement with the condition for the FE model in this 
research..  
 
Figure 4-9 Energy balance in quasi-static analyses 
 
4.2.3 Experimental validation 
The FE model was validated experimentally against the setup as designed by Abosaf [2]. 
Figure 3.8 ( chapter 3, section 3.2) illustrates the MPF tools for the case with 10 mm pins, 
and a radius of forming curvature 400 mm, 15 kN blank holder force and elastic cushion 3 
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mm thick. Tests were carried out to compare the forming force and part profile for both 
simulation and experimental results. It can be seen in Figure 4.10 that the simulated result of 
forming force was 60 kN while the experimental force was 63 kN and both exhibited the 
same trend.  
 
Figure 4-10 Model validation: Forming force [80] 
Figure 4.11 shows the comparison between the expected profile of the final product of 
formed metal sheet using the FE model and the measured profile of the experimental result of 
the final part by using a FARO Edge Arm 3D scanner [90] along path a-b. There was 
sufficient agreement between the predicted and experimental results which differed by, at 
most, 1.94 mm near the centre of the profile. 
 
Figure 4-11 Model validation: final profile [80] 
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4.3 Effect of process factors on springback 
The most important parameters which, according to the literature review, affected the 
springback in the formed metal sheets in general were studied in this section, using the 
validated 3D FE model of MPF with 10 mm pins. 
4.3.1 Effect of friction coefficient  
The coefficient of friction is one of the process factors affecting metal flow, surface 
formation, stress distribution and forming force, and the predicted springback in the final 
product.  The deformation behaviour is different if a high or low friction coefficient is applied 
[30, 91] and its impact on the final part was investigated. It is modelled because its value is 
different for flat and curved parts and it is hard to measure these values experimentally. 
Figure 4.12 shows the effect of friction coefficient on the simulated springback. The values of 
friction coefficient were 0.05, 0.1, 0.15 and 0.2 as dry conditions were assumed for this 
process [92]. It can be realised that the increase in the coefficient of friction will lead to more 
tension in the sheet and consequently decreases the springback. Papeleux and Ponthot 
reported very similar results [93]. Albut [94] concluded that the lubrication of forming tools 
caused an easier metal flow into the die which leads to increase springback due to a lower 
friction coefficient.  
 
Figure 4-12 The effect of coefficient of friction on simulated springback 
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Figure 4.13 shows the simulation results of stresses distribution (a) and springback of formed 
part (b) at friction coefficient 0.2 while all other parameters remain constant. 
There were three parameters investigated: radius of forming curvature (A), elastic cushion 
thickness (B) and blank holder force (C). Only one factor was changed at a time while the 
other two kept constant, at a value listed in Table 4.2. The displacement in direction Y (U2) 
between the fully loaded shape at the end of the forming step and the unloaded shape was 
done using ABAQUS/Standard and used to present springback in the formed part as shown in 
Figure 4.14 [95] 
 
Figure 4-13 Simulated part for coefficients of friction 0.2 
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Figure 4-14 3D (a) diagram of formed part, (b) part profile showing how spring back was 
measured [80] 
 
Table 4-2 Process parameters investigated [80] 
  
Process factors 
 
Units 
Levels  
Low Intermediate High 
Radius of forming curvature (A)  mm 400×400 600×600 800×800 
Blank holder force (B)  kN 5 15 25 
Elastic cushion thickness (C)  mm 3 5 7 
 
4.3.2 Effect of radius of forming curvature 
The radius of forming curvature had three levels 400, 600 and 800 mm, and each formed part 
of a sphere. Figure 4.15 shows that the smaller the radius of forming curvature, the lower the 
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springback that occurs at the final part after unloading step. The springback increases from 
2.14 mm to 6.18 mm with increase in radius of forming curvature from 400 to 800 mm. This 
is because the plastic to elastic deformation ratio is higher for the smaller radius of curvature 
and more wrinkling takes place at the edges of the formed sheet [84] and it reduces 
springback value in formed sheet.  
 
Figure 4-15 The effect of radius of forming curvature on springback 
 
Figure 4.16 (a), (b) and (c) illustrate the equivalent plastic strain distribution of formed sheet 
for different radius of forming curvature (a) 400 mm, (b) 600 mm and (c) 800 mm. It can be 
noticed that the maximum value of equivalent plastic strain occurred in the formed sheet with 
smallest radius of forming curvature (400 mm).  
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(b) Radius of forming curvature 600 mm 
 
(c) Radius of forming curvature 800 mm 
Figure 4-16 Equivalent plastic strain distributions for different radii of forming curvature 
 
4.3.3 Effect of blank holder force 
Three different values of blank holder force were used to hold the sheet during the 
deformation process; 5, 15, and 25 kN. 
Figure 4.17a, b and c show the simulated result obtained for blank holder force of 15 kN. It is 
clear the largest springback value occurred at the edges of the formed part where the blank 
holder was located due to less plastic deformation in this area. The effect of the blank holder 
force on springback was found to be small compared to the other parameters such as the 
radius of curvature. The general trend for springback was to decrease with increasing blank 
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holder force but an extreme blank holder force may possibly cause other defects such as 
tearing of the metal sheet.  
Figure 4.18 reveals the relationship between blank holder force and springback in the case of 
the radius of forming curvature of 800 mm.  
 
(a) MPF tools befor loading 
 
(b) Formed part after laoding and before springback 
 
(c) Formed part after springback  
Figure 4-17 Simulated result for springback for blank holder force of 15 kN and radius of 
forming curvature 800 mm 
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Figure 4-18 The effect of blank holder force on springback, for radius of curvature 800 mm 
 
4.3.4 Effect of elastic cushion type and thickness  
The elastic cushion layers are utilised in the MPF process to eliminate dimpling on the 
formed part. The effect of elastic cushion hardness and thickness on springback is studied in 
this chapter. Figure 4.19 shows the variation of simulated stresses distribution and springback 
with respect to elastic cushion for three levels of Shore hardness (a) A50, (b) A65 and (c) 
A90. The polyurethane sheet with a hardness of Shore A 90 was employed [84] in a 
simulation study with a radius of forming curvature 800 mm. It can be seen that the 
springback reduced with increasing elastic cushion hardness as shown in Figure 4.20. This is 
due to a more uniform stress distribution on the metal sheet. The same finding was reported 
by Heo et al., [85]. 
It is shown that the elastic sheet used in the MPF process for metal sheet should be relatively 
hard (i.e. Shore hardness A90) and that its thickness should be chosen with care. 
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Figure 4-19 Simulated effect of elastic cushion hardness on springback, (a) A50, (b) A65 and 
(c) A90 
 
Figure 4-20 The simulated effect of 3 mm thick elastic cushion of different hardness values 
on springback 
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Three elastic cushion thicknesses (a) 3, (b) 5 and (c) 7 mm with shore A hardness of 90 and 
radius of forming curvature 700 mm for simulation investigation, Figure 4.21 reveals the 
springback simulation results as a function of elastic cushion thickness. It can be seen that the 
springback decreased appreciably with increasing elastic cushion thickness, as shown in 
Figure 4.21, and will affect shape accuracy [96].  
 
 
 
Figure 4-21 Simulation results of effect of Shore A90, elastic cushion thickness on 
springback, (a) 3 mm, (b) 5 mm and (c) 7 mm. (Radius of curvature 700 mm) 
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Figure 4-22 The simulated effect of elastic cushion thickness on springback 
 
4.4 Summary 
The finite element modeling for the MPF process was developed and explained in detail in 
this chapter, the material properties of the tested material in this research; both sheet metal 
and elastic cushion were obtained from the mechanical tests as presented in Chapter 3. The 
finite element modeling results were validated against experimental work; the forming force 
versus punch displacement curve showed good agreement between simulated and formed part 
profile at the end of the forming step. 
Effects of friction coefficient, radius of curvature, blank holder force and elastic cushion 
thickness on springback were explored to highlight the importance of each parameter. It was 
found that the radius of forming curvature has the most important effect on springback in the 
MPF process. 
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CHAPTER 5:  
FINITE ELEMENT MODEL AND OPTIMISATION OF SPRINGBACK 
IN MPF 
 
This chapter presents the details of a numerical method for the simulation and prediction of 
springback in multi-point forming (MPF). FE models have been developed to simulate the 
MPF of doubly curved aluminum alloy panels (Al 5251-O). ANOVA and the Response 
Surface Method (RSM) provided in design-expert software v7 were used to find the most 
important of the process parameters and to identify what combinations were most relevant to 
improving the quality of the formed workpiece. The effect these parameters had on the 
variation of thickness over the formed panel and on the value of springback were explored. 
Heo et al., [17] investigated the effect on a formed panel of the dimensions of the punch and 
of the force holding the clamp in place. They found that a better quality surface of the formed 
panel was achieved using smaller pin. Abosaf et al., [84] confirmed that the radius of forming 
curvature of the formed sheet and size of pins used had a significant effect on accuracy of the 
shape in MPF. Zareh-Desari et al., [81] found that the presence of an elastic cushion was 
important for accuracy of the formed panel, and was essential for MPDD (multi-point deep 
drawing). Sun et al., [97] also found that, wrinkling can be eliminated by employing a 
flexible blank holder in thin metal  sheets and enhanced the forming limit. Li et al., [98] 
confirmed that the use of a thick sheet decreased springback. Davoodi and Zareh-Desari [96] 
used MPF tools for deep drawing and found that to reduce springback small pins should be 
used as should a hard, elastic pad with minimum thickness. 
Many MPF techniques exist to reduce or compensate for springback. Wenner [99] reported 
springback of the formed panel could be reduced if the metal sheet was preloaded. Li et al., 
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[98] proposed over-forming metal sheets to compensate for the expected springback in a 
given shape.  
Woellner et al., [100] explored the influence of the properties of the formed sheet and of the 
blank holder force (BHF) on springback in deep drawing for which MPF tools were used. 
They stated that the yield strength of the formed panel had a measurable effect the accuracy 
of the final shape, with materials such as steel - with high yield strength - showing 
correspondingly high levels of springback.  Also they reported that, in their opinion, to 
reduce springback it was necessary to clamp the workpiece.   
Finite Element (FE) analysis is a cost-effective means of investigating the influence of the 
different process parameters on geometrical accuracy and to simulate springback [2, 52, 77].. 
The RSM was used [48, 101, 102] to probe how the different process parameters affected the 
springback in MPF. Both the variation in thickness across the formed panel and the value of 
springback were investigated and a relationship between springback and thickness variation 
was established. An existing MPF tool [2] was used to validate the results of the simulation, 
thus, the pin size was predetermined. The pins were square with a cross-section of 10 x 10 
mm, with a 10 mm radius of  the tip. 
5.1   Design of experiments (DOE) 
DOE and analysis of variance (ANOVA) are established as useful tools for investigating the 
different effects of the process parameters in sheet metal MPF [2, 101]. In this research the 
elastic cushion thickness, the force holding the sheet and the radius of curvature of the 
formed panel were considered to be the most important of the process parameters [2, 17, 45, 
85, 95]. To simulate the springback for the entire formed surface, an “approximate response 
surface (Central Composite design (CCD))” was assumed to exist between the points for 
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which predicted results were determined. Finding the parameters that gave minimum 
thickness variation and minimum springback was the final step. These optimal parameters 
were then applied in a last step analysis to validate the solution as shown in Figure 5.1.  
 
Figure 5-1 Sequences for optimisation and DOE procedures 
The RSM generates an equation linking the objective function (y) to the inputs of the relevant 
variables (xi). Usually, the RSM uses a second order general polynomial, as in Equation 5.1, 
using the results of a series of experiments, see Table 5-2, to develop an empirical model 
which identifies the most important of the variables. The empirical model coefficients are 
x1 to x9 (see Equations 5.2 and 5.3), and these are found using regression analysis. A Genetic 
Algorithms (GA) which are a form of optimisation techniques, meaning they are applied to 
obtain the optimal soulution to a specified computational problem that minimise or maximise 
a particular function. [GA steps 1- assess the fitness of each single in the population, 2- select 
the best fittest parents from the known population, 3- do crossover action by recombining the 
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individuals for parents to create new generation, 4- mutate the new generation, 5- if the 
condition not got, then go back to step 2, else end the action, and return the best individual in 
the existing population]. In this research they  were utilised to determine the settings for the 
input parameters (process parameters) that best met the mean of objective function. 
y = 𝑎0 + ∑ 𝑎𝑖
𝑛
𝑖=1  𝑥𝑖 + ∑ ∑ 𝑎𝑖𝑗
𝑛
𝑗=1
𝑛
𝑖−1  𝑥𝑖 𝑥𝑗 + ε                      (5-1) 
where 𝑎0, 𝑎𝑖  and 𝑎𝑖𝑗  are the model coefficients and ε is the noise in the system.  
5.1.1 Process parameters 
In MPF processes the DOE considered selected factors that were known to have an effect on 
part quality. These were the thickness of the elastic cushion, the force holding the blank and 
the radius of curvature of the formed panel. Each factor was given a low, a medium and a 
high value, which covered an adequate range. Table 5-1 presents the selected parameters and 
their given values. 
Table 5-1 Value and level of the selected DOE parameters [80] 
  
Process parameters 
 
Units 
Levels 
Low Intermediate High 
Radius of curvature of the formed panel (A)  mm 400×400 600×600 800×800 
Blank holder force (B)  kN 5 10 15 
Elastic cushion thickness (C)  mm 3 5 7 
 
5.1.2 Response parameters  
An acceptable measure had to be determined by which to assess the final quality of the 
formed workpiece. This could be a single measure, or a combination of measures, be used as 
a reference for final part quality. Here, uniformity of thickness and value of springback were 
chosen to assess the quality of the final part. Springback in the final formed workpiece was 
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the movement (displacement U2) of the part in the direction of the thickness (Y) as computed 
by ABAQUS after the last unloading step [52]. In addition, equation (5.2) was used to 
calculate the variation in thickness of the final parts. 
Thickness variation = √
1
𝑁
∑ (𝑥𝑖 − ?̅?)2
𝑁
𝑖=1                                            (5-2) 
In Equation (5.2) which has the usual form for measuring an RMS value, N is the number of 
thickness measurement points, xi is the part thickness at point i, and ?̅?= mean thickness value 
for the measured points.  
Here the larger the springback, and the greater variation in thickness, the lower the quality of 
the produced part.     
5.1.3 Results, analysis and discussion 
Table 5-2 lays out the seventeen sets of experimental conditions. It also shows the resulting 
measurements of thickness variation and springback. Design Expert 7.0 was used to 
statistically analyse the results of the simulation. by using response surface method with 
central composite face-centred (CCF) which are first-order (2𝑁) designs augmented by 
additional 3 centred points and 2N axial points (where N is number of factors) to allow 
estimation of the tuning parameters of a second-order model [84, 103]. ANOVA was used to 
identify the more important process parameters. Here, the null hypothesis - H0, that there was 
no relationship between the two measured phenomena; process parameters and condition of 
the formed panel - was assigned a 5% significance level [84]. From Table 5-3 we see that 
BHF and radius of curvature of the formed panel have a significant effect on the springback, 
but that the thickness of the cushion does not. We also see that BHF and radius of curvature 
of the formed sheet both have a significant effect on thickness variation. However, we also 
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see that the interaction between cushion thickness and BHF have a significant effect on 
thickness variation.  
Table 5-2 Experimental plan and simulation results [80] 
 
Exp. # 
Factor 1 Factor 2 Factor 3 Response 1 Response 2 
A: Radius of 
forming curvature 
(mm) 
B:Blank 
holder 
force (kN) 
C: cushion 
thickness 
(mm) 
Springback  
(mm) 
 
Thickness 
variation 
(µm) 
 
1 600 10 7 1.2 4.8 
2 400 15 3 0.80 6.3 
3 800 10 5 1.9 4.1 
4 600 10 3 1.5 4.8 
5 800 15 3 1.95 4.5 
6 600 5 5 1.4 4.8 
7 400 5 3 1.32 5.1 
8 400 15 7 1.05 5.8 
9 400 5 7 1.1 5.5 
10 600 10 5 1.35 5.1 
11 800 15 7 1.74 4.6 
12 400 10 5 1.2 5.7 
13 600 15 5 1.35 5.6 
14 800 5 7 1.83 3.8 
15 600 10 5 1.35 5.1 
16 600 10 5 1.35 5.1 
17 800 5 3 2.2 3.5 
 
Table 5-3 Factor-response interactions with P-values [80] 
                   Response factors 
Significant factors 
Springback  Thickness variation 
Radius of curvature of forming panel (A) 0.0001 0.0001 
Blank holder force (B) 0.0165 0.0001 
Elastic cushion thickness (C) 0.139 0.3147 
 
Parameter interactions 
(AB)=0.3911 
(AC)=0.0502 
(BC)=0.0549 
(AB)=0.3338 
(AC)=0.1273 
(BC) 0.0067 
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5.1.3.1 Springback  
In MPF, there are two types of geometrical errors: the first type is wrinkling and dimpling, 
which take place before the unloading process; the second type is springback which, by 
definition occurs after unloading [16]. Figure 5.2 shows springback as a function of BHF and 
Radius of curvature of forming panel for constant elastic cushion thickness. We see that a 
smaller radius of curvature of the formed workpiece results in a lower springback, Li et al., 
[52] have reported a similar result.  However, we also see that springback is reduced by using 
a larger BHF. Woellner et al., [100] have presented very similar results. Apparently, there is 
more plastic deformation if the radius of curvature is smaller or the BHF is larger. That is the 
plastic to elastic deformation ratio is higher. It follows that if the sheet to be formed is 
clamped, the elastic recovery becomes insignificant, generating less springback. Figure 5.2 
indicates that minimum springback will be achieved with large BHF and small forming 
radius. 
 
Figure 5-2 Springback as a function of blank holder force and radius of curvature for constant 
elastic cushion thickness[80] 
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5.1.3.2 Sheet thickness variation  
For the sheet metal used, the average initial thicknesses was 1.20 mm with no significant 
variation, so any changes in thickness was taken to be due to the forming process. 
Figure 5.3 shows variation in sheet thickness as a function of BHF and radius of curvature for 
constant elastic cushion thickness. We see that a larger radius of curvature of the formed 
panel results in less variation in sheet thickness. However, we also see that variation in 
thickness of the formed workpiece is increased by using a larger BHF, due to increased 
deformation due to stretching of the workpiece [84]. Again, Woellner et al., [100] have 
presented similar results. There is less plastic deformation if the radius of curvature is larger 
or the BHF is smaller.  
When the radius of curvature is large (here the maximum was 800 mm), a larger number of 
pins act to constrain the workpiece at the start of deformation, which leads to more uniform 
stress which reduces variation in thickness [84]. Figure 5.3 indicates that minimum thickness 
variation will be achieved with small BHF and large forming radius. Similar 
 
Figure 5-3 Variation in sheet thickness as a function of blank holder force and radius of 
curvature for constant elastic cushion thickness [80] 
85 
 
 
Figure 5.4 shows variation in sheet thickness as a function of BHF and elastic cushion 
thickness. We see that a thicker elastic cushion (7 mm thick) results in less variation in sheet 
thickness with change in BHF. However, we also see that for the thinner elastic cushion (3 
mm thick) variation in thickness of the formed panel with increase in BHF becomes 
significant.  
For the given experiment it appears that the thicker the elastic cushion, the BHF is more 
evenly distributed over the sheet metal workpiece and stress distribution across the workpiece 
surface is more uniform, the result is that local deformation is reduced. With the thinner 
cushion the stress distribution is less uniform because there will be local deformations due to 
the individual pins. Under such conditiona small changes in BHF will cause local areas of 
sheet thinning with consequent thickness variation [77]. 
 
Figure 5-4 Variation in sheet thickness as a function of blank holder force and elastic cushion 
thickness [80] 
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5.1.4 Prediction of response factors  
To predict springback and variation in thickness, an empirical second-order polynomial (the 
“objective function”) was developed (see Equation 5.3). This equation is built on the three 
“significant factors” in Table 5-2.  
Response = X + 𝑋1A + 𝑋2B + 𝑋3C + 𝑋4AB + 𝑋5AC + 𝑋6BC + 𝑋7A
2
 +𝑋8B
2
 +𝑋9C
2
         (5-3) 
where X is a constant which depends on the conditions, A is the radius of curvature of forming 
panel in mm, B is the BHF in kN, C is the elastic cushion thickness in mm, and 𝑥1 - 𝑥9 are 
the model coefficients which are listed in Table 5-4.  
Equation 5-3 predicts variation in panel thickness and of springback for any combination of 
the “significant factors”:  BHF, curvature of the finished panel and elastic cushion thickness. 
Table 5-4 Coefficient values for objective function [80] 
Coefficient Springback (mm) Thickness variation (µm) 
Constant (X) 1.848 4.706 
x1 -4.109E-003 1.265E-003
 
x2 -0.139 7.473E-003
 
x3 0.378 0.569 
x4 3.000E-005
 
3.750E-005
 
x5 -1.938E-004
 
1.563E-004
 
x6 8.000E-003
 
-0.0143 
x7 5.715E-006
 
-3.201E-006
 
x8 3.144E-003
 
6.079E-003
 
x9 -0.0366 -0.051 
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5.1.5 Optimisation of process parameters  
The goal was to simultaneously minimise both variation in sheet thickness and springback. 
The optimal settings of the three process parameters to achieve that goal were found by 
solving two empirical equation of springback and thickness variation together, using the GA 
mentioned earlier in section 5.1 until the condition of minimum thickness variation and 
springback was met. For an MPF die with 10 mm pins and with the three process parameters 
limited to within the preselected ranges shown in Table 5-1, the optimal simulation settings 
were found to be: BHF 8 kN;  radius of curvature 600 mm; and elastic cushion 3 mm thick, 
see Table 5-5.   
For the experimental validation, a 3-D point cloud image of the final part was obtained using 
the FARO Edge 3D scanner [2] This image was then compared to the design shape and any 
deviation in the Y direction was recorded as a measure of the springback, see Figure 5.5. 
Using a digital micrometre the sheet thickness was measured with a resolution of 0.01 mm at 
a number of points in the X and Z directions, from the centre of the formed workpiece in 
directions parallel to the sides, see Figure 5.5. The mean and standard deviation (Sd) of these 
measures were determined and the Sd was used as a representation of the variation in 
thickness, see Equation 5.2 above. Table 5-5 presents the experimental results for thickness 
variation and springback, and shows very good agreement between simulation results and 
experimental measurements.  
Table 5-5 Comparison of numerical simulation results and experimental validation [80] 
 Radius of 
curvature 
(mm) 
Blank holder 
force (kN) 
Elastic 
Cushion 
Thickness 
(mm) 
Springback 
Value (mm) 
Thickness 
Variation(µm) 
Optimised solution 600 8 3 1.38 4.10 
Experimental result 600 8 3 1.42 3.95 
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The optimum value of springback is 1.38 mm but minimum value of springback as listed in 
table 5.2 can be different. The optimum solution will consider all pre-selected parameters and 
gets balance between them to produce a part meets the objective function which is minimise 
springback and thickness variation.  Thickness distribution “error”  = 
4.10−3.95
3.95
 = 3.8% 
                                          Springback “error’’   = 
1.42−1.38
1.38
 = 2.9% 
 
Figure 5-5 Measured springback for final formed surface [80] 
5.2 Thickness distribution and local strain on formed part  
Factors that impact on springback include distribution of strain, type of contact and the 
resulting local deformations. In the forming of cold metals, the preferred forms of 
deformation to minimise springback are thinning and stretching [104]. Here thickness 
distribution was examined for the two cases: high and low springback. 
Figures 5.6 and 5.9 show the distribution of thickness across the formed panels for the two 
cases listed in Table 5-2 as Exps #2 and #17. Figures 5.7 and 5.8 show the sheet thickness 
across the centre of the plate parallel to the long side (O-X) and parallel to the short side (O-
Z) for Exp #17.  
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The initial thickness of the metal sheet was 1.20 mm. The springback was predicted to be 2.2 
mm - the worst case of all the simulations. For O-X, the plot shows thinning right across the 
sheet with maximum thinning in the sheet occurring at the centre of the sheet (the point of 
first pin contact [84] ). There was also a small region where the thickness decreased sharply, 
in the transition zone between the end of the formed area and the blank holder, see Figure 5.7. 
Here the sheet was highly stretched because it was clamped by the blank holder while 
immediately adjacent the punch was pressing the sheet into the die.  
For O-Z, the short side, see Figure 5.8, the thinning that takes place at the centre, O, is the 
same as for OX, this thinning is due to localised stresses. As the point of observation moves 
along the line OZ the thinning of the sheet decreases until a slight thickening occurs just over 
half way to the transition zone. This thickening is considered to be caused by a compressive 
stress acting perpendicular to the drawn-in direction [105]. Thinning of the sheet can be seen 
at the border between the forming zone and transition zone, and is due to this being the area 
of first contact between the sheet and the punch [84]. However, once in the transition zone 
thickening of the sheet occurs. Under the action of the punch there is a movement of material 
from the centre of the sheet to the edges. . Also, that side of the sheet was not long enough 
and the height of the part (800 mm) not enough to accommodate the material flow from the 
centre. Consequently, there was thickening of the formed sheet.  
From the figures it can be seen that maximum thickening of the sheet occurred beneath the 
blank holder.  This is due to the holding force which impedes the flow of the metal, by 
different amounts, depending on the magnitude of the clamping force. 
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Figure 5-6 Simulated distribution of sheet thickness for BHF = 5 kN and R=800 mm 
 
Figure 5-7 Simulated thickness distribution along O-X (Exp #17) (The vertical axis is sheet 
thickness and the O-X direction is as shown in the panel.) [80] 
 
Figure 5-8 Simulated thickness distribution along O-Z (Exp #17) (The vertical axis is sheet 
thickness and the O-Z direction is as shown in the panel.) [80] 
91 
 
 
Figure 5.9 shows  the simulated distribution of sheet thickness for BHF = 15 kN and R=400 
mm. Figures 5.10 and 5.11 show the sheet thickness across the centre of the plate parallel to 
the long side (O-X) and parallel to the short side (O-Z) for Exp #2. Here, the BHF was 15 kN 
and the radius of curvature of the formed workpiece was 400 mm. The predicted value of the 
springback was 0.8 mm which was the minimum of all the simulations. 
The depth of deformation at the centre (O) was substantially greater than for Exp #17 so there 
was enhanced sheet thinning because there was more stretching of the sheet. The distribution 
of forces meant no sheet thickening took place in the formed area, though there was 
thickening below the blank holder.  
The low level of springback in the formed workpieces is due to the greater deformation due 
to the smaller radius of forming curvature (R = 400 mm) [98] jointly with a large clamping 
force (BHF = 15 kN) [37]. 
 
Figure 5-9 Simulated distribution of sheet thickness for BHF = 15 kN and R=400 mm 
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Figure 5-10 Simulated thickness distribution along O-X (Exp #2) (The vertical axis is sheet 
thickness and the O-X direction is as shown in the panel.) [80] 
 
 
Figure 5-11 Simulated thickness distribution along O-Z (Exp #2) (The vertical axis is sheet 
thickness and the O-Z direction is as shown in the panel.) [80] 
 
To analyse the distribution of the local strain and resulting deformation along paths O-X and 
O-Z on the formed workpieces for the two cases:  BHF = 5 kN and R=800 mm; and BHF = 
15 kN and R=400 mm, it is required to evaluate the final local deformations at the end of the 
loading process.    
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1. The metal sheet was partitioned into 5 longitudinal layers and modelled using the eight-
node brick finite element: C3D8R  
2. ABAQUS provided ε, the strain tensor, directly after the FE simulation at each integrating 
point in the global coordinate system (x, y, z), see Figure 5.12. 
3. The strain 'ε  in local coordinate system (x', y', z') was then derived from: 
' Tε βεβ                                                                   (5-4) 
The two coordinate systems are related by the matrix equation, 
'
'
'
x x
y y
z z
   
   
   
   
   
β , where x' is the 
direction along the tangent and y' is the direction normal to the surface, see Figure 5.13 
 
Figure 5-12 Local and global coordinate: ABAQUS 
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Figure 5-13  Inter-relation of local and global coordinate systems 
 
Figures 5.14(a), (b) and (c) show the local strain (logarithmic strain LE in three direction 
LE11, LE22 and LE33) for selected elements along the path O-X (see Figure 5.12) in the 
formed part with an 800 mm radius of forming curvature and blank holder force 5 kN before 
unloading step. As shown in Figure 5.14(a), the positive value of LE11 (which is the strain in 
X-direction) means stretching in all layers in the O-X direction accept the first layer (black 
line) at transition zone shows negative value for LE11 due to compressive stresses.  For the 
same measured element, a negative value of LE22 (which is strain in y-direction Figure 
5.14(b)) means a compression in the thickness. However, the thickness strains shown in LE22 
are mostly negative in all 5 layers, which indicates that thinning occurred along his path for 
the metal sheet during the MPF process in this case [77].  
In the Z direction as shown in Figure 5.14(c) for same element along O-X path, there is 
stretching (positive values of LE33 as in Figure 5.14(c)) in the centre of the formed sheet (at 
point O) which changes to compression (negative values of LE33) at about X > 150 mm. At 
this point and beyond the LE33 becomes negative value, which indicates a thickening take 
place on the formed sheet at this zone (under blank holder). 
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Figure 5-14 Local deformation along path O-X for 800 mm radius of forming curvature and 
blank holder force 5 kN 
 
Figures 5.15 (a), (b) and (c) present the strain values along path O-Z (see Figure 5.12) for the 
same selected elements. The positive strain values in figure 15(a) of LE11 in X-direction of 
the element at point O. Which is stretching on metal sheet, and then the strain slowly 
decreased until it becomes a compression at transition zone as a result of compressive 
stresses. 
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Figure 5-15 Local deformation along path O-Z for 800 mm radius of forming curvature and 
blank holder force 5 kN 
 
The material in the transition zone was subjected to a tensile stress in the lower layer and 
compressive stress in the upper layer. This was due to the reverse bending effect, a similar 
effect was also found by Wang et al., [106].  In addition the strain values of LE22 and LE33 
along the path O-Z which illustrated in Figures 5.15 (b) and 5.15 (c) presented same trends 
along the path O-X. 
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Figures 5.16(a), (b) and (c) show the local strain along the path O-X, and Figures 5.17(a), (b) 
and (c) along the path O-Z, for formed part with 400 mm radius of forming curvature and 
blank holder force 15 kN. It can be seen that Figures 5.16 and 5.17 show the same general 
trends as in Figures 5.14 and 5.15. However, so the smaller radius of curvature it can be seen 
that greater deformation occurred in all three directions LE11, LE22 and LE33. A smaller 
radius of curvature of the formed surface represents larger deformation during the metal 
forming [95]. 
 
 
 
Figure 5-16 Local deformation along path O-X for 400 mm radius of forming curvature and 
blank holder force 15 kN 
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Figure 5-17 Local deformation along path O-Z for 400 mm radius of forming curvature and 
blank holder force 15 kN  
 
5.3 Summary  
In this investigation, MPF of doubly curved sheets of aluminium alloy 5151-O was 
numerically simulated using FE analysis. RSM and ANOVA were used to identify the 
parameters most affecting springback and thickness variation. Also the local deformation on 
final formed parts was investigated for the two cases of maximum and minimum springback. 
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The following conclusions can be drawn from this study: 
1. Springback is significantly affected by the radius of the forming curvature of the part 
and blank holder force.  
2. Thickness variation is significantly affected by radius of curvature, blank holder force 
and the interaction between blank holder force and elastic cushion thickness. 
3. As the radius of forming curvature increases, springback increases and thickness 
variation decreases.  
4. As blank holder force increases, springback decreases and thickness variation 
increases.   
5. The optimum condition to achieve minimum springback and thickness variation in 
this investigation was found to be 600 mm for the radius of forming curvature, 8 kN 
for blank holder force and 3 mm for elastic cushion thickness (all working parameters 
were constrained within their preselected range of values).   
6. Having a large plastic deformation through sheet stretching and thinning while 
avoiding sheet thickening is the key factor in minimising springback. This can be 
achieved by using small radius of forming curvature and high blank holder forces. 
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CHAPTER 6:  
EXPERIMENTAL INVESTIGATION OF FORCE MEASUREMENT 
FOR MPF TOOLS 
 
In this chapter a relationship is developed between springback in the formed part after the 
final unloading and the forming force as measured on selected individual pins under different 
compression ratios (30%, 40%, 50% and 60%) of the elastic cushion using Fibre Bragg 
Sensors (FBGS) to determine the strain in pins as a “smart way” [107, 108]. As described in 
the previous chapter, FBG sensors have a series of unique advantages over conventional 
electrical and piezoelectric sensors, including high precision, small volume, lightweight and 
ease of installation [109].   
6.1 Sensing principle of fibre Bragg grating  
A FBG is a kind of distributed Bragg reflector (Bragg grating) built into a short length of a 
single optical fibre. It contains a core which is enclosed by a coating. When light from a 
broadband source is incident on one side of the reflector, the inscribed Bragg gratings act as a 
mirror reflecting certain wavelengths while passing the rest with virtually no loss, as shown 
in Figure 6.1 [110]. These reflected wavelengths can be used to measure a number of 
parameters including strain. FBG sensors can measure very high strain (> 10,000 μm/m) and 
are therefore very well suited to highly strained composite structures. Also it is not distance 
dependent and connecting lengths of up to 50 km are possible [109]. FBG sensors were added 
to the surface of certain pins to obtain real-time information of strain on those individual pins.  
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Figure 6-1 Working principle of a Fibre Bragg grating [111] 
 
6.1.1 Strain sensitivity of FBG 
As stated above a FBG reflects only certain wavelengths of light (𝜆𝐵 ) allowing the remaining 
wavelengths in a broadband spectra to pass through, see Figure 6.1. FBGs can deliver very 
sensitive strain measurements for different materials and assemblies [112]. Bertholds et al., in 
1988, was the first attempt to use FBGs for strain measurements [113]. The effect of the 
strain was to stretch the FBG which elongated of the optical fibre and changed the grating 
spacing which, because of the photoelastic effect, changed the refractive index [114, 115].   
The Bragg wavelength reflected by the grating, λB, depends mainly on the fibre grating 
periodicity, Λ, and the effective refractive index 𝑛𝑒𝑓𝑓. It is calculated using the following 
equation [116]:  
𝜆𝐵= 2 𝑛𝑒𝑓𝑓 Λ                                                      (6.1) 
Both strain and temperature affect the Bragg wavelength, as both change the grating 
periodicity, the latter due to the thermal expansion/contraction through the thermo-optic and 
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thermal expansion coefficients. Figure 6.2 shows the response of FBG sensor to strain action 
in details.  
 
 
 
 
Figure 6-2 Principle of strain sensitivity using FBGs [111]  
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Thus any change in the refractive index of the fibre grating and/or fibre grating periodicity 
will cause a change in the wavelength of the reflected light from 𝜆𝐵0 to 𝜆𝐵. where the 
subscript “0” refers to the original condition. Thus the reflected wavelength can be considered 
as a function of strain ε and temperature T, and its change can be written as follows [116]: 
                                                        ∆𝜆𝐵 = 𝜆𝐵 (ε, T) - 𝜆𝐵0 (𝜀0 ,𝑇0)                                       (6.2) 
Expanding Equation (6.2) as a Taylor series and taking the first order approximation, then for 
a fibre with a coefficient of thermal expansion, 𝛼 𝑡, thermo-optic coefficient, 𝛼𝑛, and photo-
elasticity coefficient, 𝑝𝑒, then wavelength shift can be expressed as [117]: 
                                               ∆𝜆𝐵 = 𝜆𝐵 [(1 - 𝑝𝑒) ∆ε + (𝛼𝑡 +𝛼𝑛) ∆T]                                (6.3) 
Where ∆ε is the change in strain of the optical fibre, and ∆T is the temperature change. 
Generally, the temperature of the environment remains more or less constant and temperature 
effects are negligible. Thus any shift in the Bragg wavelength (∆𝜆𝐵) will be caused by 
applied strain - extending or compressing the grating - and the photo-elastic effect as given in 
Equation (6.3) [117].  
6.1.2 Operation principle of forming force measurement  
The basic operation of forming force measurements as carried out on four individual pins is 
shown on a quarter of the 3D FE model in Figure 6.3. A “smart” sensory individual forming 
force tool is constructed by gluing a single fibre containing one FBG sensor axially along the 
pin by using 1×60 adhesive made by HBM Company, which is suitable for strain gauges and 
very easy to use. Each FBG attached to each pin reflects with a different wavelength allowing 
real-time information of total change in strain to be obtained for that chosen pin.  
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The schematic diagram in Figure 6.3 shows the system used to measure the forming force for 
the MPF tool (punch and die), FBG sensors installed on the pins’ longitudinal surfaces, the 
data acquisition system and analysis devices. A multi-channel FBG interrogator was used to 
acquire the elastic strain change signals from the FBGs. The collected data for elastic strain 
was analysed and evaluated by a computer for the forming processes. 
MPF tools
Pin in the middle 
of the  long side
Pin in the middle 
of the short side
Pin at corner 
Pin at centre of the 
punch
Pin 
with 
FBG
Optical fiber
Computer
FBG 
interrogator
Data acquisition and 
analysis devices
 
Figure 6-3 Measurement system for forming force on individual pins (quarter MPF tool) 
 
Figure 6.3 shows the location of the four pins on the MPF tool with FBG sensors attached to 
monitor the elastic strain during sheet forming process, which was proportional to the value 
of the forming force. 
In the first part of the Equation (6.3) ∆𝜀 represents the strain effect that occurred due to the 
applied force (𝜀𝑚), assuming that the temperature effect was negligible as the surrounding 
environment temperature was stable (∆T = 0), Equation (6.3) can be re-written as:                                                              
                                                          
∆𝜆𝐵
𝜆𝐵0
 = k ∆ε                                                       (6.4) 
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where k = (1- 𝑝𝑒) and   𝑝𝑒= photo-elastic coefficient = 0.22, then k = 0.78×10
-6
 με (strain 
gauge factor) [118]. 
Substituting these values into Equation 6.4, we obtain:  
∆𝜆𝐵
∆ε     
 = 0.78×10
-6
 με× 𝜆𝐵                                      (6.5) 
Note that the reflective wavelengths of typical FBG sensors are around 1550 nm  [119].  
From Equation (6.5), it can be calculated that when the FBG is strained by 1 με the reflected 
Bragg wavelength increase by 1.21 pm (picometer) if the centre wavelength of the selected 
FBG is 1550 nm [119]. The difference in wavelength of FBG sensor due to an external force 
can be detected experimentally. The initial wavelength of the sensor is known, and k is 
constant. From Equation (6.5) it is possible to calculate the change in elastic strain (∆ε) using 
Equation (6.6), to obtain the value of the forming force on the four pins: 
ε = 
 𝜎    
𝐸
 = 
𝐹
𝐴∗𝐸
                                                         (6.6) 
Where F is the force on the pin, A is the cross-section area of the pin and E is Young’s 
modulus of the pin’s material. 
As shown in Figure 6.4 the forming force is not vertical on every pin but depends on the pin’s 
position and shape. The forming force is vertical on the pins that are at the centre of the MPF 
tool, but it will gradually incline away from the horizontal depending on the radius of 
forming curvature until at the edges of the MPF tool it reaches the maximum degree of 
inclination. The pin matrix supported by a thick plate to prevent pins from bending was 
described in Section 3.2.1 and shown in Figure 3.11, see also Abosaf [2]. The simple 
Equation (6.6) was used to calculate the local force on the pin.  
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For small values of the radius of forming curvature (R=400 mm), the vertical distance 
between the pins is bigger. . In this case, forming force distribution will be different from that 
for a big radius of forming curvature (R=800 mm) because the difference between pins’ 
heights is smaller as shown in Figure 6.5. 
 
Figure 6-4 Different pins shape and different force distributions [120] 
 
 
Figure 6-5 Force distributions on different pins (R=800mm)  
 
As a consequence, at the end of loading step, the value of the force on the same pin at the 
same position in the two cases will be different, as shown in Figure 6.6 (a) and (b) which is 
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the result of a simulation result for a 40% compression ratio for same pin at centre of the 
punch with 800 mm and 400 mm radii of forming curvature. 
Figure 6.7 shows the simulated force results on selected pins at different position in two 
cases. As the radius of forming curvature becomes bigger, the force distributions become 
uniform due to small differences between pins heights.   
 
 
Figure 6-6 Forming force on pin at centre of the punch for different forming radii 
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Figure 6-7 Forces on individual pins for different radii of forming curvature  
 
6.2   Numerical simulation of the FBG system 
To verify the proposed operating principle of individual forming force measurement on 
selected pins, a FEA of the MPF tool was carried out using ABAQUS software. 
Figure 6.8 (a) shows the position of selected pins for the force measurement. Pin number 1 at 
the corner of the MPF tool where maximum springback occurs. Pins 2 and 4 were situated at 
the middle of the long and short sides respectively of the MPF tool where the springback was 
less. Pin number 4 was situated in the middle of the tool, minimum springback. The 
simulated results for springback at the end of the unloading step in the MPF process with 800 
mm as radius of forming curvature are shown in Figure 6.8 (b).  
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Figure 6-8 (a) Positions of selected pins and (b) simulated springback value after unloading 
for 40% compression ratio of elastic cushion 
 
Figure 6.9 shows the elastic cushion subject to different compression ratios of its original 
thickness (3 mm). For example 40% compression ratio of elastic cushion means 3 mm × 0.4 
= 1.2 mm, when the punch reaches end of forming distance, then it will moves downward 1.2 
mm and so on.  
The simulated forming forces on individual pins at different compression ratios of the elastic 
cushion are shown in Figure 6.10. It is clear that the force on the selected pins increased as 
the punch moves down and increases the compression ratio of the elastic cushion (30%, 40%, 
50% and 60%) and without causing dimpling of the formed sheet.  
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Figure 6-9 simulation results of different elastic cushion compression ratios  
 
 
         Figure 6-10 Forming force on individual pins  
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Figure 6.11 shows the relationship between springback of the final formed part (R=800mm) 
at the end of the loading step for different compression ratios of the elastic layer and the 
values of the forming force on the selected pins. For example, at 30% compression ratio of 
elastic layer, the forming force on the pin at centre of MP punch was over 300 N and 
springback more than 6.5 mm, while at 60% compression ratio was nearly 1000 N and about 
5.0 mm springback.  
 
Figure 6-11 Springback vs force on different pins for different compression ratios  
 
There was a sharp increase in predicted force on the pin as the space between the pin tips 
filled with elastic material due to the increased compression ratio, see Figure 6.9. This caused 
more resistance to movement of the MP punch, as result the local force increased and 
springback decreased.  
6.3 Experimental validation setup and discussion 
Experimental work to validate the simulated results was carried out to test the proposed 
“smart” way of measuring the forming force on the single pins shown in Figure 6.3. Figure 
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6.12 shows the MPF tools installed on the press machine, and Figure 6.13 the selected pins 
with FBGs attached. 
The essential components that have been used to measure the forming force on individual 
pins are listed here and discussed in chapter 3 section 3.2. 
1- FBG sensor. 
2- Optical fibre. 
3- FBG interrogator from Smart Fibres Ltd. 
4- Computer with SmartSoft for SmartScan (v3.2). 
5- MPF tool. 
Figure 6.13 shows photos of the selected pins in situ with, inset, a photo of one pin with the 
FBG attached. Each candidate pin used to measure the forming force was bonded with a 
single FBG sensor (each unstrained FBG reflected a different wavelength of light, see 
appendix 2) connected to the FBG interrogator. 
Before the bonding of the FBG sensors to the pins, it was important to prepare the pin’s 
surface to avoid introducing any measurements error such as strain transfer between 
compressed pin and FBG sensor. To prepare the pin surface for installing the FBG sensors, a 
soft abrasive paper was used to clean the selected pin’s surface which was then further 
cleaned with methanol.  
To record the change in FBG wavelength (∆𝜆𝐵) from each sensor when the grating is being 
compressed due to the action of the MP tool, an FBG interrogator from Smart Fibres Ltd was 
used to record the change of FBG sensor signal. This had with a resolution of 1 pm and 
maximum data acquisition rate of 2.5 kHz per channel for each of four channels.  
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Figure 6-12 Experimental setup  
 
A press machine was adapted for loading the MPF tool to form the sheet of 1.2 mm thick, 
aluminium alloy O-5251, with a radius of forming curvature 800 mm. For this operation 
springback on the final formed part was large, see Section 4.3.2.  
 
Continue Figure 6-13 
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Figure 6-13 Locations of selected pins on MPF tool 
 
The wavelength changes and forming time histories were recorded for all four pins during the 
forming process using SmartSoft, and displayed on the computer. As an example, data 
collected for the FBG wavelength shift for the single pin at the centre of the punch is shown 
in Figure 6.14.  
A FBG sensor with central wavelength just less than 1535 nm was installed on the central 
pin. For the first several seconds the movement of the punch is taking up the slack in the 
system and no change in wavelength is observed. As the punch continues to move down it 
starts to compress the elastic cushion covering the aluminium metal sheet and gradually over 
the period from about 5 seconds to about 17 seconds, the wavelength of FBG changes as the 
cushion is increasingly compressed (see Figure 6.9). 
At about 17s the rate of decrease in FGB wavelength increases significantly as the forming 
process starts. The sharp fall in wavelength continues until at about 25s the wavelength 
plateaus at 1534.938 nm due to the compression strain in the pin as a result of the end of the 
forming process. At about 40s, the load is released.  
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Figure 6-14 Wavelength shift versus forming time for the single pin at the centre of the MPF 
punch  
 
Table 6-1 Wavelength changes under forming force for the selected pins 
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According to Equation (6.5), the ratio between wavelength shift and axial strain of a FBG 
equal the sensitivity of the FBG sensor which is typically 1.2 pm/με (1 pm =10-3 nm). From 
the literature [2], it is known that Young’s modulus of MPF tools is about 200 GPa, the cross 
section area of the pin is 10 mm × 10 mm and value of ∆𝜆𝐵 can be taken from Table 6.1. By 
using Equation (6.6) the force on each pin can be found as: 
 F = ε × A × E                                                        (6.7) 
Force on the pin at corner = [(-0.01/ (0.78*1534.882))] × (0.01*0.01) × 209×10
9
 = 167 N 
Force on the pin at mid-point of long side = [(-0.012/ (0.78*1540.897))] × (0.01*0.01) ×       
200×10
9
 =199.7 N
 
Force on the pin at mid-point of short side = [(-0.016/ (0.78*1537.942))] × (0.01*0.01) ×                   
209×10
9
 = 266.8 N
 
Force on the pin at centre of punch = [(-0.023/ (0.78*1534.960))] × (0.01*0.01) × 200×10
9
 = 
384.2 N 
In order to evaluate the accuracy of the simulations of the elastic strain on the pins, a 
comparison between the simulated and measured forces for each pin is shown in Figure 6.15, 
where   
Numerical error = 
Experimental result − Simulation result
Simulation result
 × 100                      (6.8) 
Numerical Error for the pin at corner = [(167-166) / 166] ×100 = 0.6% 
Numerical Error for the pin at middle of long side = [(199.7- 207) /207] × 100 = -3.5% 
Numerical Error for the pin at middle of short side = [(266.8 -254) / 254] × 100 = 5.1% 
Numerical Error for the pin at centre of punch = [(384.2 – 392) / 392] ×100 = -1.99% 
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The negative values for the Numerical Error mean that the experimental results were smaller 
than the simulated.  
 
Figure 6-15 Validation of simulated forming force for radius of forming curvature 800 mm  
 
6.4 Summary  
A “smart system” has been introduced for the first time for the purpose of measuring the 
forming force on individual pins in a MPF tool by using single fibre Bragg Sensors to 
monitor changes in strain in the pins. Here the effect of radius of forming curvature and of the 
forming force on selected pins on springback had been determined experimentally and used 
to validate simulated results.  
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CHAPTER 7:  
PROCESS DEVELOPMENT TO REDUCE GEOMETRICAL DEFECTS 
IN MULTI-POINT FORMING 
 
7.1   Elastic punch with flexible MPF dies for metal forming (EP-MPF) 
The improvement of producing double curved part will be discussed in this chapter; a flexible 
forming setup has been developed by replacing the upper pin matrix by a thick elastic block 
to form an aluminium alloy sheet into doubly curved panels. The effect of the elastic punch 
on the quality of the formed part in terms of wrinkling, spring back and forming force were 
investigated.  
Experimental work has been carried out to validate the concept of the proposed approach and 
to compare the new setup results with results obtained from conventional MPF, then an 
optimisation method has been used to investigate the influence of the elastic block 
dimensions, compression ration of the elastic block and radius of forming curvature on final 
part and process quality in terms of wrinkling, springback and forming force values.   
The key of successful forming processes on the excellence of the formed sheet panels rely on 
tool structure of the punch and the die, the force of sheet forming and the blank. Failure to 
design appropriate tool will lead to dimension problem. To eliminate or reduce these 
limitations and achieve acceptable shape dimensions, several tool techniques have been used. 
Elastic pads such as rubber and polyurethane contained in a rigid box recently has been 
applied in forming tools industries. This process is commonly used to form short runs of light 
metal parts in aerospace applications. Many advantages can be offered by using this flexible 
forming technique, while it also has certain disadvantages. 
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 Using an elastic punch to form metal sheet improves the surface finish of final product 
Thiruvarudchelvan [121], also reducing the tooling cost, the forming tool can be easily 
changed to a new shape without alignment or mismatch issue. Material thinning is reduced by 
using elastic punch for metal forming [87]. It can be use the same tool setup to form a 
different material with different thicknesses [122]. In additions to these advantages, 
Polyurethane has the elasticity of rubber materials and the toughness and durability of metals 
[33]. However, using an elastic punch to form sheet metal has certain disadvantages. It has 
limited lifetime depending on process parameters, lack of sufficient to produce sharp features 
in the final part and suitable for low production or prototype specimen [123]. 
A history of using the flexible tools to form sheet metal is listed in study done by 
Thiruvarudchelvan [121]. Browen and Battikha [124] investigated the capability of flexible 
die to produce a defect-free part. In addition, they optimised the process parameters to get the 
optimum case. Lee et al., [125] have presented the flexible forming process of aluminium 
tube with an experimental investigation of bending parameters such as bent radius, the 
influence of rubber property and roller radius. They found that, rubber hardness was the 
important parameter affects the radius of bent. Quadrini et al.,  [126] studied the forming of a 
thin sheet of aluminium alloy utilising various flexible die shapes and materials, they reported 
that the rubber with highest hardness leads to best forming result. Chen et al., [127] 
investigated the influence of process parameters such as forming speed and compression ratio 
of rubber in formed part quality. They reported that springback of flanging at rubber forming 
process was less than that of conventional stamping. Kut, S. and Niedziałek, B. [66] reported 
that, selected an appropriate hardness of the elastic punch (A90) leads to eliminate the defects 
from final parts. A theoretical model for static and kinematic friction in elastic pad forming 
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method applied by Ramezani et al., [88], they have got a better match between simulation 
and experimental results. 
7.2   Concept of elastic-punch multi-point forming (EP-MPF) 
Elastic-punch multi-point forming is a metal sheet forming process in which a combination of 
rubber-pad forming and multi-point forming to gain the advantages of both processes. To 
prove the value of EP-MPF processes, an experimental model has been developed.  
The basic components of the EP-MPF approach to form a doubly curved panel are shown in 
Figure 7.1. The thick blue element is the elastic punch which has replaced the upper MPF pin 
matrix (the punch) and gives some initial flexibility to the process. The lower matrix of pins 
is used as the die to form the desired three-dimensional shape. The metal sheet is inserted 
between the elastic punch and an elastic cushion to prevent dimpling on the surface of the 
formed part due to the discrete pins forming the matrix. The experimental setup based on this 
concept was installed on a press as shown in Figure 7.2. 
 
Figure 7-1 Schematic diagram of EP-MPF tool 
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The set up time of the tools required to form the design shape was less than half of time for 
traditional MPF. In addition, the alignment process required in traditional MPF using tool 
guides is not needed in this approach. A load cell with adequate capacity was used in 
conjunction with a distance sensor fixed on the press plate to measure punch movement as 
shown in Figure 7.2. 
 
Figure 7-2 Experimental setup of EP-MPF 
 
7.3   FE modelling of EP-MPF 
This section reports on the FE model developed to simulate the concept of EP-MPF and 
investigate the formed part quality in terms of wrinkling and springback. 
The equipment for the techniques was designed to produce doubly curved panels in 
aluminium alloy 5251-O. The FE model for EP-MPF technique combines the MPF die, metal 
sheet, elastic cushion, elastic block without container due to high hardness of polyurethane 
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A90, and press plate, as shown in Figure 7.3. In order to reduce the computation time, only a 
quarter of all components were modelled due to the symmetry of the model. 
The MPF die to create doubly curved panels with different radii of curvature was a 
compound of 30×20 pins with 0.25 mm spaced, with every pin having a cross-section 10×10 
mm and tip radius 10 mm. The polyurethane (A90) is defined as a hyper-elastic material for 
both elastic block and elastic cushion in the simulation analysis. The Mooney- Rivlin material 
model was chosen among three common models (Mooney- Rivlin, Yeoh and Neo Hook) to 
describe the relation between stress-strain of rubber material [2, 80].  
 
Figure 7-3 FE models of EP-MPF techniques 
 
The dimensions of the sheet in the FE models were 153 × 102 × 1.2 mm thick. The elastic 
cushion dimensions were 153.5 × 102.5 × 6 mm thick, and the elastic punch was 153 × 102 
× 100 mm thick. The three components were modelled using deformable solid elements. As 
the assembly was constructed assuming symmetry, the symmetric boundary conditions were 
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applied to the metal sheet, elastic cushion and elastic block. The MPF die node at the 
symmetry end was fixed in the X, Y and Z directions. As mentioned previously, the elastic 
punch was not placed within a rigid container. Therefore, the forming force was applied as a 
given movement to the press plate node in the Y-direction, as shown in Figure 7.4. 
 
Figure 7-4 Mesh elements and boundary conditions in FE model 
 
7.4   Experimental results and discussion 
Figure 7.2 shows the experiment setup of the EP-MPF tools for two mutually perpendicular 
radii of forming curvature, 400 mm and 800 mm to investigate the results produced by EP-
MPF technique. The experimental results for the parts formed by EP-MPF approach 
compared with the same parts produced by the MPF process in a previous study done by 
Abosaf et al., [84] are shown in Figure 7.5.  
Wrinkling was considered as the distance between the formed and target shapes at every 
wrinkling wave as shown in Figure 7.6.  
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The root mean square error (RMSE), see Equation 1, was used to determine the numerical 
value of wrinkling 
𝑅𝑀𝑆𝐸 = √
1
𝑛
∑ 𝑥𝑖
2𝑛
𝑖=1                                                         (1) 
where n is the number of wrinkling waves, and 𝑥𝑖 is the difference between the magnitude of 
the wrinkle and the target curve at the i
th
 peak.  
 
Figure 7-5 Samples of parts fabricated by each technique 
 
 
Figure 7-6 Wrinkling measured method [83] 
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A FARO Edge Arm 3D scanner with Geomagic control was used to capture the shape of the 
final product as shown in Figure 7.7(a) to (f) in steps to compare it with designed part to 
measure shape variation [70].  
 
  
 
Continue Figure 7-7 
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Figure 7-7 Scan steps to capture formed part 
 
For the part formed with radius of forming curvature 400 mm, wrinkling was taken as the 
normal distance between the target and formed shape at every wrinkling amplitude along path 
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O-C as shown in Figure 7.8, and the root mean square error (RMSE) was used to calculate a 
numerical value for wrinkling [2]. 
In the case of the formed part with 800 mm radius of forming curvature, the captured points ( 
steps a to f ) were compared to the ideal shape and the deviation in thickness direction along 
path O-B was used to represent the springback [80] as shown in Figure 7.9. 
 
Figure 7-8 Wrinkling at edge of formed part (R = 400 mm) 
 
Figure 7-9 Springback of formed part along path O-B (R = 800 mm) 
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7.5   Simulation results and discussion 
The forming process using an elastic punch can be divided into three steps. The first step is 
self-deformation of the elastic punch; the second step is sheet deformation under the forming 
force of the elastic punch until the sheet is shaped into the MPF die cavity and, the third and 
final step is the unloading stage (i.e. load release).   
Under the process conditions explained above, FEA simulation was carried out for two radii 
of forming curvature 400 mm and 800 mm. 
7.5.1 Comparison of simulated forming forces for EP-MPF and MPF 
Figures 7.10 and 7.11 show the forming force- versus time curves using EP-MPF and MPF 
techniques to form doubly curved panels with radii of forming curvature 400 mm and 800 
mm. The forming force of MPF had been measured experimentally in previous work, 
Elghawail, el at., [80]. As can be seen in the two figures, there are significant differences 
between the values and trends of the forming force to produce the same part from a 1.2 mm 
thick sheet of aluminium alloy 5251-O. 
 
Figure 7-10 Forming force-versus time curve for 800 mm radius of forming curvature 
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The forming force required in the EP-MPF technique rose to 90 KN to produce the part with 
800 mm radius of forming curvature.  However, when using the MPF punch, it only  reached 
50 KN [128]. The forming forces have very different trends. In the case of using the elastic 
punch, the forming force can be divided into three stages. In the initial 15 seconds, when the 
elastic punch first contacts the sheet, the forming force is very small. Then the force 
gradually increases due to self-deformation of the elastic punch, also the sheet is bending as 
the punch moving forward into the die; this process extends from about 15 seconds 
approximately 1 minute. Finally, the forming force continues to increase due to plastic 
deformation of the sheet as it moves to copy the shape of die cavity and more pressure is 
applied on the punch to make sure the die is fully covered [129], this occupies the last 2 
minutes of the process.  
In the case of the MPF punch, the forming force remains very small until close to the end of 
the process when it suddenly increases as the sheet starts to deform. The same explanations 
apply to the part with 400 mm radius of forming curvature.  
 
Figure 7-11 Forming force-versus time curve for 400 mm radius of forming curvature  
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It can be seen that in the case of the MPF punch, the total forming force increases with 
increase in radius of forming curvature. This result is due to more pins coming into contact 
with the sheet at the beginning of the forming process [2]. With the elastic punch, there is an 
increase in the forming force with a decrease in radius of forming curvature. This is because 
more force is needed to push the rubber forward to cover the entire MPF die. 
7.5.2 Stress distribution on top and bottom surfaces of the formed sheet 
FE models were developed for doubly curved panels with 400 mm and 800 mm as radii of 
forming curvature, and then analysed using ABAQUS. The calculated pressure distributions 
on the top and bottom surfaces of the sheet at the end of the forming process are shown in 
Figures 7.12 and 7.13 
Figure 7.12 shows pressure distributions on the formed part with 400 mm radius of forming 
curvature using MPF and EP-MPF forming techniques.  Large bending deformations are 
required in this case [2] and, as can be seen, the stress pressure in the part formed with the 
EP-MPF technique are well distributed compared with stress pressure produced by the MPF 
punch. 
This is because the elastic punch formed together with the sheet metal during the loading 
step, which means the relative motion between the punch and the sheet is very small and the 
influence of frictional forces is, therefore, negligible. However, the MPF punch is rigid, so 
the relative motion at the interface is much larger and the presence of friction makes it more 
difficult for the blank material to flow, especially in those conditions where the friction 
coefficient increases [52]. This led to stress instability and wrinkling [2, 130]. In both cases, 
in the middle of the long side edge, it is clear that the stresses fluctuated between maximum 
and minimum values, which are what causes wrinkling [2, 130]. 
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Figure 7-12 Pressure distributions on top and bottom surface of formed part pre-springback 
(R=400 mm) 
 
However, the wrinkling amplitudes are smaller in case of the elastic punch than with the MPF 
punch.  
For the part with the larger radius of forming curvature 800 mm which required less bending 
deformation, the results are shown in Figure 7.13. Here, the  pressure distributions is more 
uniform ( which is the key to control springback) on the top and the bottom surfaces of the 
part formed by EP-MPF than the part produced by the MPF punch. This leads to stress 
stability, the disappearance of wrinkling waves and reduction in springback value in the 
formed part compared to the formed part produced by the MPF punch. 
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Figure 7-13 Pressure distribution on top and bottom surface of formed part pre-springback 
(R=800 mm) 
 
7.5.3 Wrinkling  
The simulation results of the formed parts with 400 mm radius of forming curvature produced 
by MPF and EP-MPF show that wrinkling can be significantly reduced by using an elastic 
punch with Shore hardness A 90 [66], as is shown in Figure 7.14 along path O-C. 
The RMSE value for wrinkling using MPF punch was 1.30 mm, and 0.534 mm when using 
the elastic punch, with is considered a significant reduction. 
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Figure 7-14 Wrinkling simulation at formed part using two different techniques (R = 400 mm) 
 
7.5.4 Springback 
In this section, the effect of EP-MPF technique on the springback (SB) of the formed part 
with 800 mm radius of forming curvature was compared with the results obtained using the 
MPF punch. In order to study the effect of elastic punch on springback, a comparison 
between the post-springback part and the final part was used.  
Figures 7.15(a) and (b) show the simulation results for springback in the formed part with 
radius of forming curvature 800 mm produced by the two techniques. From Figure 7.15 (a) 
shows the part as simulated by MPF tools had a total springback of 6.21 mm. Figure 7.15 (b) 
shows the part as simulated by elastic punch (EP-MPF), the springback was 3.66 mm. Thus, 
springback for the elastic punch was significantly smaller. These results are also related to 
uniformity of stress distribution and friction on the final formed part, which is considered of 
major importance in determining springback phenomena. The more uniform the stress and 
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friction conditions, the less the springback variation [127, 131]. In the case of friction, for the 
elastic punch, the relative motion and the friction force between the punch and the top surface 
of the formed sheet are less than in the case of the MPF punch, where relative motion and 
friction are concentrated on the tip of the pins and are affected by the properties and thickness 
of the elastic cushion.  
 
Figure 7-15 Springback simulation results for workpiece formed by MPF and EP-MPF 
 
Figures 7.16 and 7.17 show the target shape, the simulated shape at the end of the application 
of the forming force before springback and the simulated shape post-springback for the two 
forming techniques. 
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Figure 7-16 Springback of part formed by MPF (R = 800 mm) 
 
Figure 7-17 Springback of part formed by EP-MPF (R = 800 mm) 
 
7.6 Optimisation of EP-MPF process parameters  
This section reports an investigation of the effects of significant EP-MPF process parameters 
on the quality of the formed part. The input factors (independent variables) are radius of 
forming curvature, punch thickness (elastic block) and punch compression ratio (as the punch 
an elastic block, the compression ratio is t0−tf
t0
 × 100 which to is the original punch thickness 
and tf is the punch thickness at the end of loading step ) and each factor was given three 
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values, as shows in Table 7.1. The response criteria (minimise) (dependent variables) 
determining the quality of the formed part were wrinkling amplitude, springback and forming 
force. Examples of results are given in Section 7.5.  
Table 7-1 Level and value of the DOE parameters 
  
Process factors 
 
Units 
Parameter Magnitude 
Low Intermediate High 
Radius of forming curvature (A)  mm 400×400 600×600 800×800 
Punch thickness (B) and in other tables.) mm 100 125 150 
Punch compression ratio (C)  % 50 60 70 
 
The simulation results in Table 7.2 were statistically analysed using Design Expert 7.0 which 
contains several experimental design techniques such as Response Surface Method, factorial 
and Taguchi. The RSM with central composite faced (CCF) was applied in this study to 
generate the experimental plane as shown in Table 7.2 (see section 5.1.3) [132, 133]. 
Additionally, ANOVA was implemented to identify the most significant process parameters 
and their effect on the final product. 
7.7 Results and discussion 
The numerical simulation results to three response parameters (wrinkling, springback, and 
forming force) are listed in Table 7.2 for an experimental plan in accord with RSM (CCF). 
ANOVA was used to evaluate the effect of every independent variable and their interactions 
related to the response factors. The null hypothesis was that the variable had no effect on the 
formed part. Thus a probability P-value below 5% indicates that the independent variable has 
a significant effect on the formed shape [134]. For the wrinkling defect, only A (radius of 
curvature) was significant, whereas for springback all three variables and their interactions 
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were significant factors and, finally, the value of forming force was significantly affected by 
A and C (punch compression ratio). 
 
Table 7-2 Experimental plan and simulation results 
 
Exp.# 
Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3 
A:  
Radius of 
forming 
Curvature 
(mm) 
B: 
Punch 
thickness 
(mm) 
C: 
Compression 
Ratio (%) 
 
Wrinkling 
(mm) 
 
Springback  
(mm) 
 
Forming 
force (KN) 
1 800 150 50 0.00 2.76 109.6 
2 600 125 60 0.10 2.53 111.3 
3 800 100 50 0.00 4.00 123.2 
4 400 100 50 1.26 2.32 53.2 
5 600 125 60 0.10 2.53 111.3 
6 600 100 60 0.00 2.89 121.7 
7 600 125 50 0.15 2.99 82.8 
8 800 100 70 0.00 1.68 213.6 
9 400 150 50 1.10 2.32 68.3 
10 400 150 70 0.89 2.30 129.3 
11 400 125 60 0.26 1.98 98.7 
12 600 125 60 0.10 2.53 111.3 
13 800 150 70 0.00 1.75 229.3 
14 800 125 60 0.00 2.14 170.0 
15 400 100 70 0.52 1.91 141.5 
16 600 150 60 0.00 2.42 122.0 
17 600 125 70 0.00 2.26 175.1 
 
Table 7-3 Process parameters and corresponding P-values 
                    Response factors 
Significant factors 
Wrinkling springback Forming force  
Radius of forming curvature (A)  0.0005 0.0186 <0.0001 
Punch thickness (B) 0.7574 0.0386 0.9070 
Punch compression ratio ( C ) 0.1363 <0.0010 <0.0001 
Significant interaction - 
AB=0.0094 
AC=0.0003 
BC=0.0027 
- 
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7.7.1 Wrinkling 
According to the ANOVA analysis results presented in Table 7.3, the only process factor 
significantly affecting wrinkling is the radius of forming curvature, and the influence trend is 
shown in Figure 7.18. The trend is the same as in the traditional MPF process, increasing the 
radius of forming curvature leads to reduction in wrinkling, even its elimination. A small 
radius of forming curvature will generate high bending deformation leading to wrinkling 
appearing at the edges of the formed part [135]. As the elastic punch was flat initially it 
maintains surface contact with the sheet facing into a convex MPF die. As the punch travel 
increases, it will generate high pressure on the middle and the edges of the metal sheet where 
the wrinkling starts to appear. Under this condition, wrinkling will be suppressed and be less 
than the wrinkling that appears in case of conventional MPF (see Section 7.5.3). 
 
Figure 7-18 Effect of radius of curvature on wrinkling 
 
7.7.2   Forming force  
Figures 7.19 and 7.20 show the impact of two significant working parameters, radius of 
forming curvature and compression ratio of the punch, on the value of the forming force. It is 
clear that from Figure 7.19 that by increasing the radius of forming curvature, the required 
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force for forming process also increases. The number of pins that will be in contact with the 
elastic punch for large radius of forming curvature under high pressure (outer edges) is more 
than for case of small radius of forming curvature; i.e. the height difference between pins is 
smaller when generating the 800 mm radius. As consequence the forming force will increase. 
In addition, the punch (A90) will need additional force for its own self-deformation [128]. 
 
Figure 7-19 Effect of radius of forming curvature on forming force 
 
The influence of the punch compression ratio on forming force is shown in Figure 7.20. In 
this study the minimum ratio of punch compression was 50% of punch thickness to push the 
metal sheet completely against the MPF die (punch thickness 100 mm and radius of curvature 
400 mm). To reduce defects such as springback on the final formed part by increasing the 
punch compression ratio (which makes the stress distribution more uniform) will require 
more force, as shown in Figure 7.2. For example, for the situation of A=600 mm and B= 125 
mm, the forming force at 50% is equal to 82.8 kN while at 70% equals 175 kN.  
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Figure 7-20 Effect of punch compression ratio on springback 
 
7.7.3 Springback 
Figure 7.21 shows how the springback value is affected by radius of forming curvature and 
punch thickness. It is clear from the figure that the combination of largest radius of forming 
curvature (A=800 mm) and smallest thickness of the punch (B=100 mm) leads to maximum 
springback in the formed part. Either increasing the thickness of the punch or decreasing the 
radius of forming curvature (see Section 5.1.3.1) will decrease the springback value but may 
cause other defects to appear on the final part such as wrinkling (see Section 7.7.1). It should 
also be noted that the process will not be linear as the surface of the 3D plane representing the 
interactions is not flat but more saddle-shaped.   
Figure 7.22 shows the effect of radius of forming curvature and punch compression ratio on 
springback. Generally, as the radius of forming curvature increase the ratio of punch 
compression will create more uniform stresses distribution on the sheet which leads to 
reduction in springback value but it will need a large external force to finish the loading 
stage. 
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Figure 7-21 Effect of radius of forming curvature and punch thickness on springback 
 
As mentioned in Section 7.7.2. Once again the process is not linear because, again, the 
surface of the 3D plane representing the interactions is not flat but more saddle-shaped. 
 
Figure 7-22 Effect of radius of curvature and compression ratio on springback 
 
Figure 7.23 shows the effect of punch thickness and punch compression ratio on springback. 
As punch compression ratio increase (C= 70%), the springback value decreased to a 
minimum value at a punch thickness of about 120 mm due to the stability and uniformity of 
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the stresses generated in the metal sheet, but the value of the force required to complete the 
loading step will be high.    
 
Figure 7-23 Effect of punch thickness and punch compression ratio on springback 
 
7.8 Prediction of response factors 
As described in Section 5.1.4 Prediction of response factors, the three independent process 
variables can be used to generate an empirical model as a general second order quadratic 
polynomial, Equation 7-1, to estimate the quality of the final formed part for any combination 
of process parameters at any of the prescribed values shown in Table 7.1.   
Following Equation (5.3) the response surface is presented as: 
Response=X0+ 𝑥1A + 𝑥2B + 𝑥3C + 𝑥4 AB + 𝑥5 AC + 𝑥6 BC + 𝑥7 A
2
 +𝑥8 B
2
 +𝑥9 C
2
       (7.1)                                                                                                                         
Where A, B and C are independent variables; A is the radius of forming curvature, B is the 
punch thickness and C is the compression ratio of the elastic punch, and 𝑥i (i = 0,1,…….,9) 
are unknown coefficients obtained by using regression analysis, see Table 7.4,   
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Table 7-4 Coefficients of objective function 
 
 
 
 
 
 
 
 
7.9 Optimal parameters for working process 
To form a doubly curved part of high quality, the optimal values of the working parameters 
should be known. In this investigation the main target is to produce a part with minimum 
wrinkling and springback by using, if possible, a low forming force. The independent 
variables were selected to be within the ranges specified in Table 7.1. The response 
parameters (independent variables) were set to meet the objective function and minimize 
wrinkling, springback and forming force (see appendix 3). 
The optimum solution to meet the objective function in this study was obtained after it had 
been applied to the objective criteria (“IN RANGE” for working factors and “MINIMIZE” 
for response parameters) and the empirical equation solved for the three factors working 
together till they produced the solution that best met the objective function, see Table 7.5 
 
Coefficient Wrinkling Springback Forming force 
Constant (X) 15.23 7.377 -270.9 
𝑥1 -0.011 0.029 0.185 
𝑥2 -0.045 -0.098 -0.020 
𝑥3 -0.270 -0.204 4.750 
𝑥4 -5.25E-6 -3.90E-5 0.0 
𝑥5 5.94E-5 -1.81E-4 0.0 
𝑥6 2.65E-4 8.50E-4 0.0 
𝑥7 5.35E-6 -1.08E-5 0.0 
𝑥8 1.34E-4 2.63E-4 0.0 
𝑥9 1.59E-3 1.34E-3 0.0 
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Table 7-5 Optimum values of process parameters to jointly minimise wrinkling, springback 
and forming force 
 Radius of forming 
curvature (mm) 
Punch thickness 
(mm) 
Compression ratio 
(%) 
Optimum 
parameters 
setting 
 
600 
 
100 
 
63 
  
The previous 3D FE model, see Section 7.3, was used to test the optimal process parameters 
in Table 7.5, and the simulation results are shown in Figure 7.24. Next, experimental work 
was carried out to validate the predicted results. The measurements steps described in Section 
7.4 were repeated. Figure 7.24 show plots of wrinkling along the long side and Figure 7.25 
shows the scanned formed part with optimum process parameters, where wrinkling was 
measure along path O-A and springback was measure along path O-B. However, Figure 7.26 
presented the final comparison between target shape (R=600 mm), simulation and 
experimental results. It can be seen that there is no wrinkling on two results, simulation and 
experimental formed part.  
 
Figure 7-24 Simulation result of wrinkling for optimum values of process parameters 
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Figure 7-25 scanned formed part (optimum process parameters) 
 
Figure 7-26 Comparison between simulation, experimental results and target shape for 
optimum values of process parameters 
 
Figure 7.27 shows simulated result of springback across the diameter of the metal sheet after 
forming process had ended. The total value of springback occurred on the formed part is 2.58 
mm.  
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Figure 7-27 Simulation result of springback for optimum values of process parameters 
 
The simulation, experimental results and target shape of the final part with optimum values of 
process parameters were compared in Figure 7.28. It was good agreement between final 
results. 
 
Figure 7-28 Springback along diagonal of formed part O-B (mm) for optimum values of 
process parameters 
 
Table 7.6 gives the predicted and experimental results value of the three selected process 
parameters.   
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Table 7-6 Predicted and experimental results at optimum process parameters 
 Wrinkling (mm) Springback (mm) Forming force (kN) 
Predicted  0.00 2.58 132.3 
Experimental 0.00 2.69 131.0 
 
To evaluate the accuracy of the simulations of the process parameters, a numerical error 
between the simulated and measured results is calculated as  
Numerical error = 
Experimental result − Simulation result
Simulation result
 × 100 
Numerical error for wrinkling = 0.0 
Numerical error for springback = [(2.69 - 2.58) / 2.58] ×100 = 4.26 % 
Numerical error for forming force = [(131 – 132.3) / 132.3] × 100 = -0.98 % 
The negative values for the Numerical Error mean that the experimental results were smaller 
than the simulated.  
7.10 Summary  
Doubly curved panels with different radii of curvature were successfully produced 
experimentally using an elastic punch and compared with panels produced by conventional 
MPF. Numerical simulation using FEA with optimisation was used to investigate the 
influence of process parameters such as radius of forming curvature, punch thickness and 
punch compression ratio on springback, wrinkling and forming force.  
To compare the quality of final parts, wrinkling, springback and forming force values were 
taken as response parameters. Based on the final experimental and simulated results, the 
optimal process parameters were found and the following conclusions can be drawn from this 
study:-  
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1- Replacing a MPF pin punch by an elastic punch, can reduce tooling costs by 50% and 
dramatically decrease the setup time required to adjust the pins for a new design 
shape. 
2- The same tooling can be used to form metallic sheets with different properties and 
thicknesses. 
3- Wrinkling of the final part can be reduced significantly with a 400 mm radius of 
forming curvature without the use of a blank holder compared to the part produced by 
conventional MPF punch. 
4- Springback on the final part can be reduced significantly by correct choice of process 
parameters such as compression ratio of the elastic punch. 
5- Radius of forming curvature and compression ratio of the punch were the variables 
that most influenced part quality, while punch thickness had less importance in this 
research. The effects of the three process interactions AB, AC and BC were 
investigated; the interactions were only significant on springback value.  
6- An empirical model has been generated for the objective function which enables 
prediction of the quality of the formed part for any combination of working 
parameters within pre-selected ranges. 
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CHAPTER 8:  
CONCLUSION  
 
8.1 Conclusions 
In this thesis the multi-point forming process has been investigated in terms of full MPF and 
elastic punch multi-point forming (EP-MPF) in order to minimise defects in the formed parts 
and improve the quality of the final part. To evaluate geometrical defects such as wrinkling 
and springback caused by elastic recovery after the final unloading, FEA was used to 
simulate the sheet metal forming process as used in the manufacturing sector.  It was essential 
to understand the fundamentals of the springback phenomenon, and to have knowledge of the 
material and process factors that affect springback, in order to provide accurate and reliable 
inputs to the FEA.  
A combination of statistical approaches with FEA was employed to assess the process of 
metal sheet forming and to successfully detect and determine the most significant modelling 
and working factors that defined the optimal arrangement of the studied parameters to 
achieve the highest quality product.  
A validated 3-D numerical model of the MPF process was used to investigate the effect of the 
radius of forming curvature, elastic cushion thickness and blank holder force on formed part 
quality in terms of springback and thickness variation. A second series of experiments was 
with a “flexible” forming process using an elastic punch which investigated the effects of 
radius of forming curvature, elastic punch thickness and compression ratio of the elastic 
punch on forming process quality in terms of wrinkling and springback, also forming force.  
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The Response Surface Method was adopted to study 17 runs of the three dependent variables 
and three independent variables in both types of forming process. Finally, an empirical model 
was derived and used to estimate the quality of the final formed part for any combination of 
process parameters. 
For aluminium alloy 5251-O sheets, 1.2 mm, thick formed by two flexible forming 
techniques into a spherical shape, it can be concluding that: 
 The statistical method with FEA was successfully applied to determine effects of the 
most significant working parameters on the quality of the formed part and the trends 
of those effects. 
 The radius of forming curvature was the most significant process parameter among 
those studied, following by blank holder force in the case of conventional MPF, while 
the elastic punch compression ratio was in second place in the case of EP-MPF. 
 As the radius of forming curvature increased the wrinkling decreased until it 
disappeared along the sheet edges, and the thickness variation all over the formed 
sheet became smaller. 
 The springback and forming force increased as the radius of forming curvature 
increased. 
 Replacing the MPF punch with an elastic punch substantially improved the forming 
process by reducing tools cost by at least by 50%, wrinkling was reduced by 50% and 
springback reduced by 40%. 
 The optimisation approach was able to identify the optimal set of forming process 
parameters to produce a doubly curved part with minimum defects in both flexible 
forming techniques. 
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 A “smart” system (FBGs) to measure the forming force on individual pins in a MPF 
matrix for first time was successfully implemented and it was demonstrated that the 
springback in the formed part was related to the force measured in selected pins. 
8.2 Contributions 
The main contributions of this research could be summarised as follows: 
1) Understand the effect of most significant process parameters on quality of final 
part by simulation analysis and experimental works for multi-point forming. 
2) Economic flexible tools were presented (EP-MPF) to produce various shapes with 
different metals and thicknesses by using same tools. The cost reduction of the 
tools and production more than 50% compared to traditional MPF. 
3) On individual pin by using a smart sensor which is Fibre Bragg Grating (FBG) for 
the first time in metal forming research.  
8.3 Future Work 
 The forming process using elastic cushions as the punch needs to be investigated 
further. The work of this thesis, should be extended to consider the likely life span of 
the elastic punch made from polyurethane A90, this would provide information on 
formed part quality as a function of time. 
 The results obtained, see Table 5.3, show a significant interaction between elastic 
cushion thickness and blank holder on thickness variation of the formed sheet. A 
method for investigating this interaction needs to be developed and the effects of the 
interaction investigated.  
 Digital control of MPF tool adjustment could be developed to ensure more accurate 
positioning of pin heights, to save time when forming different shapes, and this could 
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also allow for automatic compensation for springback as the MPF tools used in this 
research are small with a closed arrangement.  
 As the springback compensation method depends on material properties, it needs to 
measure the force on selected pins caused by formed part relaxation (springback) at 
the end of formed process (release forces) and convert these forces to distance in 
order to adjust pins height to compensate for springback without being affected by 
metal sheet properties.   
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Stress-strain curve for AL5251-O at different rolling direction 
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